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Abstract
      The principal aim of this thesis is to characterise quantitatively the influence of high
temperature creep upon the structure of -NiAl and -NiAl(Fe) single crystals. A non-
destructive procedure is established following the classic line of X-ray structure analysis,
namely controlling the chemical composition with the electron probe microanalysis,
determining the unit cell contents from the combined lattice parameter and mass density
measurements, and refining the structure parameters according to the X-ray reflection
intensity. Specifically, two special single crystal X-ray diffraction methods, namely the back
reflection Kossel technique and the back reflection Laue method, are applied for the
determination of lattice parameter and for the collection of intensity data. All experimental
measurements can be performed in non-destructive manner, which allows a direct comparison
to be made between the crystal structure determined prior to and after a creep test.
      The uniaxial [001] compression creep tests have been performed at temperatures up to
1673 K, which is the highest temperature ever reached for the plastic deformation of -NiAl
single crystals. The activation energy for creep, determined from the temperature dependence
of the steady state creep rate, is comparable with the activation energy for 63Ni tracer diffusion
for -NiAl, but is more or less higher for -NiAl(Fe). The vacancy creation or the vacancy
migration or both is then considered to be hindered by Fe alloying addition. Moreover, a
dislocation climb mechanism is proposed to involve the creation and migration of triple point
defects, namely two Ni-site vacancies and one Al-site antistructure defect, which explains
why the dislocation climb is not controlled by the volume self-diffusion of Al atoms, a
process more difficult to be activated.
      The lattice parameter is determined from the back reflection Kossel pattern following a
single exposure approach. The key to the method lies in the nature integration of the Kossel
method and the Laue method, and the key parameter, namely the crystal-to-detector distance,
is determined from the Laue pattern simultaneously recorded along with the Kossel pattern.
Combining with the mass density determined from hydrostatic weighing, the unit cell contents
are revealed following a rigid sphere approach. The triple defect structure is basically
confirmed for -NiAl. However, Fe alloying addition seems promoting Al atoms to occupy Ni
sites in Al-rich -NiAl(Fe). After high temperature creep test, a selective depletion of Al
content is generally observed. A relatively higher vacancy concentration may be concluded
for -NiAl(Fe) single crystals deformed at temperatures higher than 1573 K, in support of the
view that the vacancy migration is hindered by Fe alloying addition.
      A unique and comprehensive procedure is established to process back reflection Laue
pattern for the purpose of deducing structure factors. The structure refinement is then
performed using the well-known program SHELXL-97. The displacement parameters 2NiU
and 2AlU  have been successfully refined. 
2
NiU  is unanimously greater than 
2
AlU , which is in
agreement with the most recent single crystal X-ray diffraction measurements and molecular
dynamic simulation. An increment of both 2NiU  and 
2
AlU  is observed after high temperature
creep test, and is correlated with the triple defect structure, because the introduction of either
Al-site antistructure defect or Ni-site vacancy is going to introduce more room for thermal
vibration. The refinement of site occupancies can also be successfully carried out after certain
restrains are imposed. There is a general agreement between the unit cell contents derived
from the structure refinement and that revealed by the combined lattice parameter and mass
density measurements. The structure refinement is in favour of the triple defect structure
model for -NiAl, but indicates the existence of Ni-site antistructure defects in Al-rich -
NiAl(Fe). The structure refinement also suggests that a relatively higher vacancy
concentration is retained in Al-deficient -NiAl(Fe) after high temperature creep test and the
vacancies are likely located on Ni sites.
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1. Introduction
      The study of the intermetallic compound NiAl may be traced back to a report on alumin-
ium alloys by Gwyer in 1908. However, a first X-ray structure analysis of the compound, re-
ferred to also as -NiAl, was not performed by Bradley and Taylor until 1937. In the time
since, the B2 ordered structure (CsCl prototype, space group Pm m3 ) has been unanimously
identified over a nickel composition range from 45 to 60 at% (Cooper 1963a, Hughes et al.
1971, Taylor and Doyle 1972, Georgopoulos and Cohen 1977, Kogachi et al. 1992, Xiao and
Baker 1994, Faber 1996), and significant long range order has been confirmed up to the melt-
ing temperature (Hughes et al. 1971). Defects in various forms have also been observed by a
variety of techniques as reviewed by Noebe et al. (1992) and by Miracle (1993) and, in par-
ticular, the point defect structure of -NiAl has been revealed by the composition dependence
of lattice parameter and mass density, and also by X-ray structure analysis (Bradley and Taylor
1937, Cooper 1963a, Taylor and Doyle 1972, Georgopoulos and Cohen 1977, Kogachi et al.
1995, Kogachi et al. 1996).
      Based on the critical assessment of previous studies (Noebe et al. 1992, Miracle 1993), a
strong case may be made in support of the asymmetrical point defect structure initially pro-
posed by Bradley and Taylor (1937), namely that Ni antistructure defects are formed in a Ni-
rich phase and Ni vacancies are formed in an Al-rich phase. Accordingly, triple defects with
two vacancies on Ni sublattice and one Ni antistructure atom on Al sublattice must be created
simultaneously in stoichiometric -NiAl, giving rise to the term triple defect structure (TDS)
(Wasilewski 1968a, b). Experimentally, the TDS is in agreement with the composition de-
pendence of the intensity of nuclear magnetic resonance (West 1964), the electrical resistivity
(Yamaguchi et al. 1968, Jacobi et al. 1969, Yamaguchi et al. 1970), the Hall coefficient (Ja-
cobi et al. 1969, Yamaguchi et al. 1970), the elastic constants (Rusovic and Warlimont 1977),
the microhardness (Pike et al. 1997), and the enthalpy of formation (Dannoehl and Lukas
1974, Nash and Kleppa 2001). The TDS conforms also to the hyperfine interaction measure-
ments, for example, by means of the positron annihilation technique (Chen et al. 2000) and the
perturbed angular correlation of gamma rays (Bai and Collins 1999, Collins and Sinha 2000).
Theoretically, the TDS has initially been understood by the limitation on the number of va-
lence electrons per unit cell for phase stability, that is, three valence electrons or one Al atom
per unit cell for NiAl as a Hume-Rothery  electron compound (Hume-Rothery 1952, Barrett
and Massalski 1966), has been corroborated by the bonding structure, namely, the strong bond
between nearest neighbour (NN) Ni-Al atoms along <111> and the weak bond between next-
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nearest neighbour (NNN) atoms along <100> (Cooper 1963b, Fox and Tabbernor 1991, Fox
1994), and has recently been explained in terms of the many-atom-tight-binding character of
the bonding (Cottrell 1995, Cottrell 1997). The TDS is also in agreement with a variety of
theoretical studies based on the Bozzollo-Ferrante-Smith method, the Bragg-Williams
method, the embedded-atom method, the first-principles calculation, and the grand-canonical
method (Neumann 1980, Kim 1992, Fu et al. 1993, Bozzolo et al. 1995, Hagen and Finnis
1998, Bozzolo et al. 1999, Gururajan and Abinandanan 2000, Korzhavyi et al. 2000, Breuer et
al. 2001, Fähnle et al. 2001, Gururajan and Abinandanan 2001, Meyer et al. 2001, Breuer et al.
2002, Meyer and Fähnle 2002). Consequently, a Ni vacancy has been regarded as a constitu-
tional point defect in an Al-rich phase.
      New experimental evidence for Al antistructure defects and Al vacancies keeps emerging
(Kogachi et al. 1995, Kogachi et al. 1996, Kim et al. 1996, Kogachi and Haraguchi 2001).
Early experimental observations in disagreement with the TDS have been attributed to the bias
on the chemical analysis (Fraser et al. 1973b) and to the error in the density measurement
(Taylor and Doyle 1972, Yang et al. 1978, Ommen 1981). Recently, however, the justification
of the existence of constitutional Ni vacancies in Al-rich phases has been challenged accord-
ing to a calculation based on the NN bond model (X. Ren et al. 1999, Ren and Otsuka 2000).
Apparently, the controversy over the point defect structure is not completely resolved, because
(i) Hume-Rothery’s rule is somewhat empirical and appears not to hold strictly as, for exam-
ple, in a -Ni(Cu)Al ternary phase (Lipson and Taylor 1939, Jacobi and Engell 1971); (ii) the
theoretical calculations all involve models of certain approximations and parameters of insuf-
ficient accuracy as, for example, the NN bond model and the bonding energy; (iii) the experi-
mental measurements have been affected by factors difficult to be controlled as, for example,
the composition change in heat treated powder samples for X-ray diffraction measurements
and the micro-pores inside bulk polycrystal samples for mass density measurement. In this
respect, advantages are anticipated from measurements with single crystals, for either mass
density or lattice parameter or X-ray structure analysis.
      In addition to a simple, highly ordered crystal structure and an interesting point defect
structure, the compound NiAl possesses outstanding properties such as high melting point,
low density, good environmental resistance, and metal-like electrical and thermal conductiv-
ity, making the compound attractive for both basic research and engineering applications. In
fact, recent interest in NiAl has been largely stimulated by its potential in high temperature
structural applications, for example, for advanced jet engines and high pressure turbines. Con
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sequently, great efforts have been focused on investigating, modifying, and improving the
mechanical properties, particularly the inadequate room temperature ductility and high tem-
perature strength as reviewed by Noebe et al. (1992) and by Miracle (1993). One of the rele-
vant and important issues, namely the deformation behaviour of -NiAl single crystals has
been studied in association with a wide range of topics, such as yield strength, active slip sys-
tems, dislocation structure, stacking faults, antiphase boundaries, activation energy and vol-
ume, kinking phenomena, creep mechanism, martensite formation, as well as the influence of
temperature, orientation, stoichiometry, alloying addition, surface oxidation, heat treatment,
stress and strain rate (Ball and Smallamn 1966a, b, Pascoe and Newey 1966a, b, Wasilewski
et al. 1967, Kanner Jr. et al. 1969, Hocking et al. 1971, Loretto and Wasilewski 1971, Pascoe
and Newey 1971, Bevk et al. 1973, Fraser et al. 1973a, b, c, Field et al. 1991a, b, Forbes et al.
1993, Glatzel et al. 1993, Mills and Miracle 1993, Kallingal et al. 1994, Forbes et al. 1996,
Golberg and Sauthoff 1996a, b, 1997, Hirscher et al. 1997, Löser et al. 1997, Wolf et al. 1997,
Krämer et al. 1998, Darolia et al. 1999, Hangen and Sauthoff 1999, Messerschmidt et al.
1999, Shi et al. 1999a, b, Vaerst et al. 1999, Sun 2000). In general, the deformation properties,
just like other physical and mechanical properties, have been strongly correlated with the B2
ordered crystal structure, the bonding structure and, in particular, the point defect structure.
However, disagreement remains for several important issues including the rate controlling
mechanism for high temperature creep (Kanner Jr. et al. 1969, Pascoe and Newey 1971, Bevk
et al. 1973, Forbes et al. 1993, 1996, Krämer et al. 1998). Moreover, the deformation tem-
perature has not been extended much higher than 1473 K, far below the melting point at 1911
K, which restricts not only a comprehensive understanding of the deformation properties but
also the full potential for its applications. The deformed crystals have scarcely been investi-
gated using X-ray diffraction methods and, consequently, little information is available about
the influence of plastic deformation upon the lattice parameter and the crystal structure. Be-
cause this information is of importance for a better understanding of the crystal structure and
the deformation mechanism, X-ray structure analysis and the combined measurements of lat-
tice parameter and mass density should also be carried out for plastically deformed -NiAl
single crystals.
      For lattice parameter determination and structure analysis of plastically deformed -NiAl
single crystal, the popular powder and four-circle diffractometers are no longer suitable.
Firstly the preparation of the powder sample inevitably causes extra distortion to the already
deformed single crystal, while the commonly practised annealing procedure would eliminate
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the effect intended for investigation. Therefore, the powder diffractometer is not the right
choice for characterising the structure of the deformed crystal. Secondly, even when the dis-
tortion is tolerable in the case of preparing the 0.2 mm diameter sample from the
336mm3 bulk deformation sample for the four-circle diffractometer, the Bragg reflection
is often diffused or split due to the lattice distortion caused by the plastic deformation. Conse-
quently, the centring of the peak and the integrating of the intensity would be difficult and
inaccurate. Hence, the four-circle diffractometer is also not ideal for analysing the structure of
the deformed single crystal (Faber 1996). In this special case, non-destructive X-ray back re-
flection methods are more suitable for at least three reasons: (i) no extra distortion would be
introduced into the deformed sample, (ii) the experimental results could be compared directly
for the same sample prior to and after the deformation test, and (iii) the deformed sample
could be preserved for other experiments, for example, transmission electron microscope
(TEM) investigations. Specifically, the Laue method and the Kossel technique, both of which
may be applied in back reflection mode, are well suited for characterising the crystal structure
and determining the lattice parameter, respectively.
      As the first X-ray diffraction method, the Laue method ushered in a new era of crystallog-
raphy, starting in 1912. The diffraction of X-rays by a crystal lattice as a three-dimensional
grating was theoretically proposed by Laue and experimentally verified by Friedrich and
Knipping (Laue 1912/1952, Friedrich et al. 1912/1952). In the early years, the Laue method
played an important role for determining crystal structure, as summarised in Schiebold’s 1932
monograph. Soon after the development of other monochromatic X-ray diffraction methods,
the Laue method faded from the field of structure analysis, though has been routinely used for
determining crystal orientation and detecting lattice imperfection (Amoros et al. 1975). This is
largely due to the drawbacks intrinsically related with the polychromatic nature of the Laue
method, that is the difficulties in resolving the so-called energy overlap, determining the
spectral intensity, and specifying the film response (Schiebold 1932, Amoros et al. 1975, Z.
Ren et al. 1999). However, the Laue method is increasingly attractive for solving the struc-
tures of unstable protein crystals, because sufficient reflections can be registered within sub-
microsecond intervals (Moffat et al. 1984, Helliwell et al. 1986, Bourgeois et al. 1997, Z. Ren
et al. 1999). In the last decade, significant progress has been made in recording and analysing
the Laue pattern. For example, the imaging plate diffraction system (IPDS) has now been es-
tablished to take Laue photographs. Owing to the excellent features of the imaging plate (IP)
and the advanced instrumentation of the IPDS, not only the Laue pattern but also the intensity
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data may be registered with ease and accuracy (Miyahara et al. 1986, Amemiya 1995). Fur-
thermore, several all-round software packages have been developed for processing the Laue
image, including reflection indexing, intensity integration, multiple deconvolution, and data
reduction (Helliwell et al. 1989, Campbell 1995, Campbell et al. 1995, Ren and Mofat 1995a,
b). Lately, Z. Ren et al. (1999) have concluded that the major problems have all been properly
treated and that the Laue method is coming of age for structure analysis.
      The Kossel method is the origin of a group of single-crystal X-ray diffraction methods
known as the divergent beam techniques. The method records a photographic diffraction pat-
tern known as Kossel pattern, and the pattern features a set of continuous lines known as Kos-
sel lines. The first report on the diffraction of a divergent beam of characteristic X-rays emit-
ted from atoms inside a single crystal, and the first lattice parameter determination from such a
diffraction pattern, may both be attributed to Kossel (1935, 1936). Since that time, lattice pa-
rameters of various crystals, including -NiAl, have been determined by the Kossel method
and its variants (Ullrich 1967, Ullrich and Schulze 1972, Bauch et al. 1999). The knowledge
on the location of the divergent X-ray source, especially the crystal-to-detector distance, is
considered to be crucial for the precision of lattice parameter determination from a general
Kossel pattern (Morris 1968, Biggin and Dingley 1977). However, even without knowing ex-
plicitly the location of the divergent X-ray source, the lattice parameter may still be precisely
determined from the Kossel patterns associated with certain features, such as an accidental
triple intersection of Kossel lines, or from the patterns recorded with special procedures, such
as the multiple-exposure technique (Tixier and Wache 1970, Galdecka 1992). The required
features have not been readily observed on the Kossel patterns of -NiAl single crystals, and
the proposed procedures are difficult to be performed to record the Kossel patterns of plasti-
cally deformed -NiAl single crystals on the IPDS. The single-exposure method proposed by
Bevis et al. (1970) and by Harris and Kirkham (1971) therefore attracts attention due to its
claimed precision, generality and simplicity. It must be pointed out, however, that one of their
conclusions, namely that the lattice parameter could be determined from a general Kossel
pattern without knowing the crystal-to-detector distance, has been proved erroneous and un-
justified (Morris 1968, Crellin and Bevis 1970). Nevertheless, the single-exposure approach is
feasible when the divergent characteristic X-rays are excited by a ‘white’ X-ray beam, because
the Laue pattern is simultaneously recorded along with the Kossel pattern (Borrmann 1936)
and the crystal-to-detector distance may subsequently be well determined from the Laue pat-
tern (Campbell 1995). Additionally, the excitation of the characteristic X-rays by the ‘white’
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X-ray radiation requires simple instrumentation for the IPDS and imposes negligible damage
to the crystal samples. Importantly, the lattice imperfection may be characterised by making a
survey of the deformed -NiAl single crystal using the back reflection Laue method (Zhang et
al. 1997a), and the positions suitable for recording Kossel patterns may be readily selected.
Thus, the single-exposure Kossel method performed on the IPDS appears to be well suited for
the precision determination of the lattice parameter of a -NiAl single crystal before and after
a deformation test.
      The aim of the study that is described in this thesis is twofold. Firstly, the impact of high
temperature creep deformation upon the type and quantity of point defects is evaluated, both
in off-stoichiometric -NiAl and -NiAl(Fe), while the latter system has become of techno-
logical importance because small additions of iron of the order of 0.1at.% may improve the
room-temperature ductility of the single crystals whereas they do not affect polycrystals (Da-
rolia et al. 1992). Secondly, the applicability of the Laue back reflection method, combined
with the Kossel technique, for evaluating the problem is characterised quantitatively. To this
end, compression creep tests have been performed at temperatures up to 1673 K, which is the
highest temperature ever reached for plastic deformation of -NiAl single crystals. The acti-
vation energy for creep has been determined from the temperature dependence of the steady
state creep rate. In addition to obtaining the lattice parameter from the Kossel technique and
the structure information from the Laue method, the mass density has been determined by hy-
drostatic weighing, while the chemical composition has been monitored by electron probe
microanalysis (EPMA), all in a non-destructive manner. These techniques allow a direct com-
parison to be made between the crystal structure of a single crystal sample determined prior to
and after a creep test, so providing a characterisation of the influence of high temperature
creep upon the structure of -NiAl single crystals.
2. High temperature creep
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2. High temperature creep
      For the intermetallic compound NiAl, its prospect as high temperature structure materials
is mainly overshadowed by insufficient creep strength for intended applications, e. g. in gas
turbine engines. Subsequently, the study on the creep behaviour has been the focus of a large
amount of research activities. A relatively higher creep resistance has been generally observed
for [001] oriented -NiAl single crystal. The creep behaviour of -NiAl single crystal has
been correlated not only with the orientation but also with the temperature, the stoichiometry,
the surface treatment, the alloying addition, and other factors (Pascoe and Newey 1966b,
Kanner Jr. et al. 1969, Hocking et al. 1971, Pascoe and Newey 1971, Bevk et al. 1973, Forbes
et al. 1993, 1996, Golberg and Sauthoff 1996a, b, 1997, Krämer et al. 1998). It has been rec-
ognised for long that high temperature creep is essentially a thermally activated process and
that steady state creep rate is controlled ultimately by self-diffusion (Sherby and Burke 1967,
Weertman 1968). For example, the creep resistance of the ternary (Ni,Fe)Al alloy of atomic
composition Ni50-xFexAl50 has been correlated with the diffusion coefficient, and the maxi-
mum creep resistance has been shown to correspond to the minimum diffusion coefficient at x
= 10 by Rudy and Sauthoff (1985) and by Jung et al. (1987). Nevertheless, the apparent acti-
vation energy for creep is comparable to that for self-diffusion only at temperatures up to 1173
K, as stated by Sauthoff (1995). In fact, an activation energy for creep much higher than that
for self-diffusion has been reported in case of high temperature creep of either polycrystal
(Vandervoort et al. 1966) or single crystal NiAl (Pascoe and Newey 1971). As reviewed by
Sauthoff (1995), experimental evidence also indicates that the rate of dislocation creep is con-
trolled by dislocation climb for either binary NiAl or Ni-rich ternary (Ni,Fe)Al compounds.
On the other hand, the creep of [001] oriented -NiAl single crystals at temperatures between
1123 and 1473 K has been attributed not only to dislocation climb but also to viscous glide,
and the activation energy for creep has been determined to be 321  18 kJ/mol, comparable to
that for self-diffusion (Forbes et al. 1993, 1996). Apparently the study and the discussion on
the creep mechanism need to be extended. In any case, the knowledge on the creep behaviour
is still far from complete. For instance, the creep test has not yet been performed at tempera-
tures much higher than 1473 K for the [001] oriented -NiAl single crystal. Moreover, for the
deformed single crystal, X-ray diffraction method has seldom been applied to characterise the
crystal structure and the point defect structure, which are intimately related to the diffusion
process and the high temperature creep. It is therefore of significance to combine the study on
creep behaviour with the analysis on crystal structure.
2. High temperature creep
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      Aiming at complementing the existing creep data and characterising the creep behaviour
for [001] oriented -NiAl single crystals, as well as producing extraordinary single crystal
samples for further structure analysis, the uniaxial compression creep tests were performed in
a very high temperature regime between 1473 and 1673 K, corresponding to 0.77 to 0.88 Tm ,
where Tm = 1911 K is the maximum solidus temperature of -NiAl.
2.1 Sample preparation for creep test
      The -NiAl single crystals were grown with the Bridgman method at the Institute for Solid
State and Materials Research (IFW), Dresden, Germany. At first, the master alloys were pre-
pared from 99.999 % Al, 99.998 % Ni and 99.999 % Fe to certain nominal atomic composi-
tions, specifically Ni50.0Al50.0, Ni50.5Al49.5, Ni49.8Al50.0Fe0.2 and Ni49.85Al49.85Fe0.3 in this study.
Then the cylinder shaped single crystals were grown approximately 100 mm in length and 12
mm in diameter in alumina crucibles. Metallic, oxygen, and nitrogen impurities were deter-
mined to be typically less than 20, 50 and 5 mass-ppm. For the near-stoichiometric single
crystal, the actual composition differed marginally from the nominal one, and the inhomoge-
neity was significant only near the cylinder surface (Vaerst et al. 1995a, b). Nevertheless,
Electron Probe Microanalysis (EPMA) were performed to determine the actual atomic compo-
sitions.
Fig. 2.1 Back reflection Laue patterns
the compression axes of single crystal samples are (a) arbitrarily and (b) [001] ‘hard’ oriented
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      The single crystals were oriented with the back reflection Laue method. An arbitrary ori-
entation and the [001] ‘hard’ orientation are shown in Fig. 2.1 (a) and (b). The latter orienta-
tion stands out because the resolved shear stress in any slip system with Burgers vector of
<100> type will vanish. Prismatic compression samples were cut about 6mm in length and
3mm3mm in cross-section with a diamond wire saw. The samples were then mechanically
ground with SiC grinding papers from Struers (120 to 4000). At this stage the orientation was
repeatedly checked with the back reflection Laue method, and minor correction of the orienta-
tion could be made with a simple procedure (Wilke 1995). Finally the samples were polished
with diamond suspensions also from Struers (3, 1 and 0.25 m). All samples were [001]
‘hard’ oriented so that the compression axes were parallel to the [001] direction within an er-
ror less than 2°. More specifically, the loading surfaces were all parallel to (001) and the free
prism faces were either {100} or {110} in form.
2.2 Electron Probe Microanalysis
      EPMA was carried out on a Scanning Electron Microprobe Quantometer. Two single
crystal samples (atomic composition Ni50.26Al49.74 and Ni49.89Al50.00Fe0.11 determined by wet
chemical analysis) were chosen as standards for determining the compositions of -NiAl and
-NiAl(Fe) single crystals, respectively. The sample was mounted together with the standard
on the sample holder. The intensities of K fluorescence from the sample and the standard
were collected alternately and repeatedly in order to subdue the influence of instrument insta-
bility and the statistical error of counting. If IC and IS stand for the intensities of K fluores-
cence from the creep sample and the standard, respectively, then the weight concentration of
the creep sample cW can be derived from the known weight concentration of the standard cWS
as
S
Ni
C
NiWS
Ni
W
Ni I
Icc  ,            (2.1a)
S
Al
C
AlWS
Al
W
Al I
Icc  ,            (2.1b)
S
Fe
C
FeWS
Fe
W
Fe I
Icc  ,            (2.1c)
provided that the composition difference between the creep sample and the standard is minor
and the experimental conditions are identical. Subsequently, the atomic concentration cA of the
creep sample can be readily calculated according to
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W
Ni
Ni
A
Ni cA
Ac  ,            (2.2a)
W
Al
Al
A
Al cA
Ac  ,            (2.2b)
W
Fe
Fe
A
Fe cA
Ac  ,            (2.2c)
Fe
W
Fe
Al
W
Al
Ni
W
Ni
A
c
A
c
A
c
A


1 ,            (2.2d)
with ANi, AAl, and AFe the atomic number of nickel, aluminium, and iron, respectively. The
procedure is simple and efficient, especially for determining low Fe concentration and assess-
ing minor composition differences. The measured along with the nominal atomic concentra-
tions are presented in at% in Table 2.1. The relative errors are about 0.01, 0.02, and 0.1 for
Ni, Al, and Fe, respectively.
Table.2.1 Nominal and EPMA compositions of the crystals investigated
Crystal Nominal EPMA
A Ni50.0Al50.0 Ni49.91Al50.09
B Ni50.5Al49.5 Ni50.84Al49.16
C Ni49.8Al50.0Fe0.2 Ni49.78Al50.11Fe0.11
D Ni49.85Al49.85Fe0.3 Ni50.49Al49.37Fe0.14
2.3 High temperature creep of [001] oriented -NiAl and -NiAl(Fe) single crystals
2.3.1 Uniaxial compression creep test
      The uniaxial compression creep tests were performed on an INSTRON 8562 high tem-
perature deformation system. The deformation sample was at first placed between two alu-
mina platens, and the contacting surfaces were lubricated with Mo2S powder. Then they were
so positioned between two coaxial titanium-zirconium-molybdenum (TZM) cylinders that the
deformation sample was situated along the cylindrical axis as illustrated in Fig 2.2(a). In spite
of the fact that the samples were carefully positioned and lubricated, shearing or bulging was
observed along [100] direction as illustrated in Fig. 2.2(b).
      Temperatures from room temperature up to 1850 K may be attained using a Mo-resistance
furnace. The desired temperature may be preset and controlled by a computer, while the actual
temperature is measured with a Pt/PtRh30 thermocouple. The thermocouple was situated next
2. High temperature creep
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to the sample in order to ensure that the sample was deformed at the intended temperature
within a deviation better than 2 K. To avoid oxidation at high temperature, the vacuum was
maintained in the order of 10-4 Pa by a turbo molecular pump throughout the test.
      For each of the single crystals A, B, C, and D listed in Table 2.1, three samples were de-
formed at 1473, 1573, and 1673 K, respectively. A constant pressure of 25 MPa was exerted
on the sample and controlled by a load cell. The instantaneous displacement l was measured
with an inductive displacement transducer and registered by a computer. The samples were
deformed till the steady state creep rates were observed, and the total strains T were about
10% for creep at 1473 K and 1573 K, and about 14% for creep at 1673 K.
   
    Fig. 2.2   (a) Positioning of a creep sample         (b) Shearing and bulging of creep samples
2.3.2 Determination of steady state creep rate
      If l0 and l stand for the initial length and the instantaneous length of the sample, the true
strain  is defined as
0l
lln ,            (2.3a)
with lll  0  (Sherby and Burke 1967, Gottstein 1998). Since l  l0 for the compression
creep test,   0 according to Eqn. 2.3a. Nonetheless, if  is redefined as
l
lln 0 ,            (2.3b)
 only changes sign but keeps its absolute value. Subsequently, the instantaneous strain rate 
is calculated with
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t

  .  (2.4)
The t  curves are plotted in Fig 2.3 (a), (b), and (c) for creep at 1473, 1573, and 1673 K,
respectively. Similar to [001] compression creep at temperatures below 1473 K (Forbes et al.
1993, 1996), an extensive secondary creep is observed following a limited period of primary
creep. Consequently, the steady state creep rate S  can be conveniently determined from the
slope of the t  curve in the steady state range as illustrated in Fig 2.4 (a) for the creep of
single crystal D at different temperatures. On the other hand,   and  can be well described by
the following two equations
0
0
t
t
S e

   ,  (2.5)
000
01  








	

t
t
S ett  .  (2.6)
i. e., the creep rate consists of two terms, namely a constant steady state rate plus an exponen-
tially decaying rate. Consequently, S  can also be determined from fitting t  and t
curves with Eqs. (2.5) and (2.6) as illustrated in Fig 2.4 (b) for the creep of single crystal A at
1673 K. 
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Fig. 2.3 t  curves for creep at (a) 1473 K, (b) 1573 K, (c) 1673 K
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Fig. 2.4 Determination of s  
(a) from the slope of t  curve and (b) by the parameter fitting of t  and t  curves
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      The steady state creep rates derived from the aforementioned two methods are basically
identical. S , 0 , and t0 are listed in Table 2.2, with relative errors around 0.01, 0.03, and
0.02, respectively. Apparently, S , 0 , and t0 are more sensitive to the temperature and less
sensitive to the stoichiometry. The parameters are of the same order of magnitude for samples
deformed at the same temperature, and the scatter may be attributed to factors such as chemi-
cal composition, individual microstructure, and orientational deviation.
Table. 2.2 Parameters of  001  compression creep test
Crystal T (K) s  (s
-1) 0  (s
-1) t0 (s)
1473 6.3810-5 2.5010-4 137
1573 2.0510-4 1.0110-3 33.3A
1673 1.2310-3 5.3510-3 9.0
1473 5.0410-5 1.7010-4 211
1573 2.5510-4 8.3010-4 39.1B
1673 1.1710-3 1.7210-2 6.9
1473 4.9110-5 2.4010-4 205
1573 2.5210-4 9.6010-4 37.6C
1673 1.2310-3 8.0110-3 10.0
1473 6.1310-5 3.4010-4 143
1573 3.4410-4 2.3710-3 22.2D
1673 2.0210-3 8.9210-3 8.8
2.3.3 Determination of apparent activation energy for creep
     The steady state creep rate S  has been described by the Dorn equation
 RTQexpA c
n
S   ,  (2.7)
where A, , n, Qc, R and T are material constant, applied stress, stress exponent, activation
energy for creep, gas constant and absolute temperature, respectively (Dorn 1954, Gottstein
1998). The Dorn equation has also been applied to derive the activation energy Qc for high
temperature creep of -NiAl single crystals (Forbes et al. 1993, 1996). Qc is in general a
function of temperature, but for high temperature creep, Qc remains approximately a constant
equal to the activation energy for volume self-diffusion Qd. Subsequently, Qc may be given
by
 
12
21
11 TT
lnRQ SS
,c






,  (2.8)
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where 1S , 2S , T1 and T2 are all experimentally measurable quantities (Sherby and Burke
1967). In Fig. 2.5, S  is plotted at logarithmic scale with respect to T1 , and an optimal
straight line can be calculated by least squares fitting for each single crystal, A, B, C, or D.
Qc may then be determined from the slope of the line and is listed in Table 2.3.
Table 2.3 Apparent activation energies for creep (kJ/mol)
sample A B C D
cEPMA Ni49.91Al50.09 Ni50.84Al49.16 Ni49.78Al50.11Fe0.11 Ni50.49Al49.37Fe0.14
Qc 30148 3226 3299 35816
Fig. 2.5 Tln S 1  plot for determining Qc
2.3.4 Apparent activation energy for creep and activation energy for tracer diffusion
      All experimentally determined steady state creep rates are approximately located on the
straight lines in the Tln S 1  plot shown in Fig 2.5, which indicates that S  is well de-
scribed by the Dorn equation and Qc is approximately independent of temperature between
1473 and 1673 K. Furthermore, the activation energy Qd has been determined to be 335, 307
and 290 kJ/mol for 60Co, 63Ni and 63Ni tracer diffusion in stoichiometric -NiAl at high tem-
peratures up to 1623 K (Berkowitz et al. 1954, Hancock and McDonnell 1971, Frank et al.
2001). Referring back to Table 2.3, Qc may be slightly higher than, but is still comparable to
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Qd, which indicates that the [001] compression creep is essentially controlled by the diffu-
sion process in this extremely high temperature regime.
      The following facts can be easily summed up from Table 2.3: A and C are Al-rich while B
and D are Al-deficient; A and C are nearer to the stoichiometry in comparison with B and D;
Qc of A is lower than Qc of B and Qc of C is lower than Qc of D. These observations are
consistent with the composition dependence of Qd, i. e. Qd reaches the maximum at or near
the stoichiometric composition, decreases quite sharply on the Al-rich side and rather steadily
on the Ni-rich side (Berkowitz et al. 1954, Hancock and McDonnell 1971). This can be under-
stood in connection with the asymmetrical point defect structure of -NiAl, because both
tracer diffusion and high temperature creep are expected to be promoted more effectively by
introducing constitutional vacancies in Al-rich alloys rather than by introducing antistructure
defects in Al-deficient alloys.
      According to the data listed in Table 2.3, it is also obvious that Qc of -NiAl(Fe) is
greater than Qc of -NiAl, for either Al-rich alloys (C compared with A) or Al-deficient al-
loys (D compared with B). For the B2 ordered ternary (Ni,Fe)Al alloys of atomic composition
Ni50-xFexAl50, the creep resistance has been shown to correspond to the diffusion coefficient,
and the maximum creep resistance and the minimum diffusion coefficient are reached when x
increases from 0 to 10 (Rudy and Sauthoff 1985, Jung et al. 1987). Therefore the higher Qc
for -NiAl(Fe) is seemingly consistent with the lower diffusion coefficient for the ternary
(Ni,Fe)Al alloys. Nevertheless, it has not been fully understood why the diffusion is unexpect-
edly hindered by introducing foreign Fe atoms into otherwise highly ordered NiAl lattice,
although it may be assumed that the vacancy formation or the vacancy migration or both is
made more difficult after introducing Fe alloying addition. In fact, even for the binary NiAl,
the diffusion mechanism has not been clearly figured out, despite several atom jump processes
have been repeatedly discussed, e. g. the NNN jump and the six-jump cycle (Wynblatt 1967,
Arita et al. 1989, Mishin and Farkas 1997b, Divinski and Herzig 2000, Belova and Murch
2002). Hence further study in this respect is necessary.
2.3.5 Dislocation climb and point defects
      The diffusion controlled dislocation climb has been well recognised as the dominant rate
controlling mechanism for the dislocation creep of the B2 ordered NiAl compound (Sauthoff
1995). However, the high temperature creep of either polycrystal or single crystal NiAl has
been partially attributed to the viscous glide of dislocations (Vandervoort et al. 1966, Forbes et
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al. 1993, 1996). For the high temperature creep of [001] oriented -NiAl single crystals in
particular, the sigmoid t  curve shown in Fig. 2.4 (b), the polygonization around <100>
manifested by Laue asterism which will be discussed later in Section 4.2.2, and the regular
<100> dislocation array at a subgrain boundary observed by TEM experiments (Krämer 1999,
private communications) have all been related to the sluggish glide of <101> dislocations by
Forbes et al. (1993, 1996). Because the aforementioned experimental observations are identi-
cal to the observations for the creep between 1123 to 1473 K reported by Forbes et al. (1993,
1996), the primary and the secondary creep may analogously be attributed to the glide of
<101> and the climb of <001> dislocations, respectively.
      The climb is a kind of non-conservative motion of a dislocation in which atoms must be
transported to or away from the dislocation, e. g. the climb motion can be generated by ab-
sorbing or emitting point defects. In order to preserve the chemical composition and the B2
ordered structure, the creation of point defects must be in either of the following forms, i. e. a
pair of vacancies (VNi + VAl), or a pair of antistructure defects (NiAl + AlNi), or triple defects
(NiAl + 2VNi), or antitriple defects (AlNi + 2VAl), or a combination of some or all of above four
forms, where XY and VY stand for X type atom and vacancy on Y type atom site. For B2 or-
dered NiAl, not only the constitutional but also the thermal point defects have been recognised
to be dominantly, if not exclusively, in the form of triple defects (Bai and Collins 1999,
Korzhavyi et al. 2000, Breuer et al. 2002). Therefore the dislocation climb shall be accompa-
nied by the excitation or the annihilation of triple defects (NiAl + 2VNi). For instance, the
moving up of a dislocation might correspond to the annihilation of triple defects as expressed
by the following formula
(NiAl)dislocation + 2VNi + NiAl + AlAl → 2(NiAl)lattice,  (2.9)
while the reverse of the above formula
2(NiAl)lattice → (NiAl)dislocation + 2VNi + NiAl + AlAl            (2.10)
describes the moving down of a dislocation and corresponds to the excitation of triple defects.
Importantly, the dislocation climb described by the above two formulae requires the migration
of triple defects, namely two Ni vacancies and one Ni antistructure defects, but not the Al
atom, because the Al atom may stay on Al site. This is corroborated by the observation that
the activation energy for high temperature creep is comparable with that for 63Ni tracer diffu-
sion. On the other hand, because the activation energy for Al self-diffusion is determined to be
higher than that for Ni self-diffusion by both theoretical and experimental studies (Mishin and
Farkas 1997b, Nakamura et al. 2002), the activation energy for creep higher than that for 63Ni
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tracer diffusion may be related to a mechanism controlled by the migration of Al atoms, e. g.
viscous glide of dislocations.
      Although the dislocation climb is associated with the excitation and annihilation of point
defects, namely Ni vacancies and Ni antistructure defects, the vacancy concentration of a NiAl
single crystal sample is not necessarily increased or decreased after a high temperature creep
test, because the net effect depends upon the balance between the up and down motion of
dislocation climb. In order to characterise the influence of high temperature creep upon the
crystal structure, it is necessary to determine the unit cell contents and perform crystal
structure analysis, which are the topics of the next two chapters.
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3. Unit cell contents from mass density and lattice parameter
      Since Bradley and Taylor’s pioneering structure analysis performed in 1937, the unit cell
contents and the point defect configuration of -NiAl have been effectively determined by the
combined lattice parameter and mass density measurements (Bradley and Taylor 1937, Cooper
1963a, Taylor and Doyle 1972, Georgopoulos and Cohen 1977, Kogachi et al. 1995, 1996).
Based on a critical review of previous experimental data, Noebe et al. (1992) have suggested
that both mass density  and lattice parameter a may be well described by the following linear
functions of Al composition
Alc055.065.8  , 50Alc , (3.1a)
Alc.. 1180811  , 50Alc ,            (3.1b)
Alc..a 002220776192  , 50Alc , (3.2a)
Alca 00438.010619.3  , 50Alc ,            (3.2b)
with  in g/cm3, a in Å, and Alc  in at %. The linear functions are represented by the straight
lines in Fig. 3.1 and Fig 3.7 for  and a, respectively. For Al-deficient compounds the de-
creasing a and the increasing  versus the decreasing Alc  are interpreted to be resulted from
the substitution of Ni atoms on the Al sites, whereas for Al-rich compounds the sharp drop of
both a and  with respect to the increasing Alc  is explained to be resulted from the formation
of vacancies on Ni sites, because the Goldschmidt radius of Al atom is greater than that of Ni
atom and vice versa for the mass number. The general trend of Alc  and Alca   relation-
ships and the corresponding point defect configuration have been well recognised, in spite of
disputes over some details, e. g., whether the maximum lattice parameter coincides exactly
with the stoichiometric composition and whether Al atoms are absolutely forbidden from oc-
cupying Ni sites. Nevertheless, the centre of this study is at the influence of high temperature
creep upon the structure of -NiAl single crystals rather than at the aforementioned disputes,
while the stress is on the analysis of deformed -NiAl single crystals. The high temperature
creep test makes the single crystal sample too imperfect to be properly studied by the X-ray
diffraction methods normally destined for ideally imperfect single crystals. It is therefore cru-
cial to establish experimental methods and data processing procedures suited for characteris-
ing the deformed -NiAl single crystals, e. g. determining the mass density and the lattice pa-
rameter and subsequently revealing the unit cell contents.
3. Unit cell contents from mass density and lattice parameter
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      For -NiAl single crystal, either before or after high temperature plastic deformation, the
mass density has been accurately determined by hydrostatic weighing (Zhang et al. 1997b).
However, certain difficulties have been encountered in determining the lattice parameter on
the four-circle diffractometer. For instance, the Bragg reflections are often split or broadened
due to mosaic spread and other lattice distortions, which makes the centring of the Bragg peak
inaccurate or even impossible (Faber 1996). The difficulties have been overcome by applying
a single exposure method for determining the lattice parameter from back reflection Kossel
pattern. The key of the method lies in a natural integration of the Kossel method and the Laue
method, as the Kossel and Laue patterns are simultaneously recorded on the STOE IPDS. The
detail of the method is going to be discussed later in Section 3.3. Firstly, the general formula-
tion needs to be set up in order to relate the unit cell contents with the mass density and the
lattice parameter.
3.1 Basic formulae; a rigid sphere approach
      If a -NiAl single crystal (CsCl structure type, space group mPm3 ) could ever be perfectly
ordered, then the compositional Ni and Al atoms should occupy two Wyckoff positions lo-
cated at (0 0 0) and (½ ½ ½) and notated by a and b, respectively and exclusively. However, a
real crystal is unlikely to be free of point defects, e. g. vacancies and antistructure point de-
fects. In general, both a and b sites might be occupied by vacancies, Ni and Al atoms. If aVN ,
b
VN , 
a
NiN , 
b
NiN , 
a
AlN , and 
b
AlN  stand for the numbers of vacancies, Ni and Al atoms on a and b
sites in an average unit cell, then the numbers of vacancies, Ni and Al atoms per such average
unit cell, notated by NV, NNi and NAl, can be readily given by
b
V
a
VV NNN  , (3.3a)
b
Ni
a
NiNi NNN  ,            (3.3b)
b
Al
a
AlAl NNN  . (3.3c)
In addition, the following two constraints 
1 aAl
a
Ni
a
V NNN (3.4a)
and
1 bAl
b
Ni
b
V NNN            (3.4b)
have to be satisfied. The vacancy concentration cV per average atomic site can be deduced as
2
1
2
AlNi
b
V
a
V
V
NNNNc  .  (3.5)
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While the superscript A has been used to distinguish concentrations of Al and Ni in absolute
units from atomic percent, this is not applied to vacancies. So the symbol cV would be ex-
pected to indicate atomic percents. The atomic concentrations ANic  and 
A
Alc  are related to NNi
and NAl in the forms of
AlNi
NiA
Ni NN
Nc

  (3.6a)
and
AlNi
AlA
Al NN
Nc

 ,            (3.6b)
with the following constraint
1 AAl
A
Ni cc .  (3.7)
Moreover, the mass density  is related to the lattice parameter a, the numbers of Ni and Al
atoms per unit cell NNi and NAl as
 AlAlNiNi NANAa
m
 3
0
  ,  (3.8)
with ANi and AAl the relative mass numbers of Ni and Al atoms, respectively, m0 =
1.660540210-27 kg the atomic mass unit. If both Wyckoff sites could be fully occupied, 
would reach the maximum value max given by
 AAlAlANiNi cAcAa
m
 3
0
max
2
 .  (3.9)
For stoichiometric composition ( ANic  = 
A
Alc  = 0.5) we have max= m0(ANi+AAl)/a
3. Combining
Eqs. (3.5), (3.8) and (3.9), it is then straightforward to get
max
max

 
Vc .            (3.10)
And NNi and NAl can be given by
Al
A
AlNi
A
Ni
A
Ni
Ni AcAc
c
m
aN


0
3
          (3.11a)
and
Al
A
AlNi
A
Ni
A
Al
Al AcAc
c
m
aN


0
3
 .          (3.11b)
Therefore the unit cell contents, including NV, NNi, and NAl, can be determined from experi-
mentally measurable quantities , a, ANic  and 
A
Alc . However, the relative error of 
A
Nic  and 
A
Alc ,
determined by either EPMA or wet chemical analysis, has not been much better than 10-2
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which is far from satisfying in comparison with the accuracy attainable for determining  and
a. On the other hand, the unit cell contents can still be revealed from  and a based on certain
hypotheses, namely the rigid sphere model and the TDS model, even without the exact knowl-
edge of ANic  and 
A
Alc .
      The atoms of a crystal have been pictured as rigid spheres of certain radii and the crystal
has been depicted as built of contacting spheres located at specific positions. For an atom as-
sociated with a certain type of chemical bond, experimental data indicate that the sphere ra-
dius remains an approximate constant even if the atom presents in different crystals (Barrett
and Massalski 1966, Vainshtein et al. 1995). For CsCl type ordered NiAl compounds, the
rigid spheres contact each other along <111>, so the lattice parameter a is related to NV, NNi
and NAl as
 AlAlNiNiVV RNRNRNa  3
2            (3.12)
with RV, RNi and RAl the effective radii of vacancy, Ni and Al atoms, respectively. It is worth
while to stress that a, NV, NNi and NAl are all referred to an average cubic unit cell, because the
periodicity maintains rather accurately in the sense of average in spite of the existence of lat-
tice imperfections, e. g. point defects. In fact, it is the average unit cell that is of interest for
most of the observations by X-ray diffraction methods.
      Furthermore, aVN , 
b
VN , 
a
NiN , 
b
NiN , 
a
AlN , and 
b
AlN  can all be explicitly expressed in terms
of AAlc  based on the TDS model. In Al-rich phase,
A
Al
A
Ala
V c
cN 12  ,          (3.13a)
0bVN ,          (3.13b)
A
Al
A
Ala
Ni c
cN  1 ,          (3.13c)
0bNiN ,          (3.13d)
0aAlN ,          (3.13e)
1bAlN ,           (3.13f)
while in Ni-rich phase,
0aVN ,          (3.14a)
0bVN ,          (3.14b)
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1aNiN ,          (3.14c)
A
Al
b
Ni cN 21 ,          (3.14d)
0aAlN ,          (3.14e)
A
Al
b
Al cN 2 .           (3.14f)
Thus the lattice parameter a can be expressed in terms of AAlc  as
  NiAlAAlNi RRcRa  3
4          (3.15a)
and
 







	 VNiA
Al
A
Al
VAl RRc
cRRa 1
3
2 ,          (3.15b)
for Al-deficient and Al-rich alloys, respectively. Moreover, AAlc  can be rewritten as
Al
A
Alc  5.0            (3.16)
with Al  > 0 for Al-rich alloys. If Al  << 0.5, the following approximations can be worked
out step by step
A
AlAl
Al
Al
A
Al
A
Al c
c
c 4341
5.0
5.01







 .            (3.17)
Eqn. 3.15b can thus be rewritten as
  VNiAAlVNiAl RRcRRRa  4233
2 .          (3.15c)
Hence the linear empirical Eqs. (3.2a) and (3.2b) are in accordance with the linear relation-
ships (3.15a) and (3.15c) deduced from the rigid sphere and TDS models. As Eqs. (3.2a) and
(3.2b) are based on several independent measurements, the TDS and rigid sphere models seem
to be on a solid ground. Additionally, by comparing Eqn. (3.15a) with (3.2a) and Eqn. (3.15c)
with (3.2b), and keeping in mind that AAlAl cc 100 , RV, RNi and RAl can be calculated equal to
1.10730, 1.20213 and 1.29825 Å. Therefore, without knowing the chemical composition, NV,
NNi and NAl can be derived from experimentally determined  and a according to the following
relationships
0
3
m
aNANA AlAlNiNi

 , (conservation of mass)          (3.18a)
2
3aRNRNRN AlAlNiNiVV  , (conservation of interatomic spacing)          (3.18b)
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2 AlNiV NNN . (conservation of number of sites per unit cell).          (3.18c)
In summary, the unit cell contents can be either determined from the experimentally measur-
able quantities , a, ANic  and 
A
Alc  according to Eqs. (3.10) and (3.11), or can be derived from 
and a according to Eqs. (3.18a), (b) and (c).
      Eqn. (3.10) is valid also for determining the vacancy concentration of -NiAl(Fe), but
Eqn. (3.9) has to be modified as
 AFeFeAAlAlANiNi cAcAcAa
m
 3
0
max
2
 .            (3.19)
In general, unit cell contents of -NiAl(Fe) can be determined from , a, ANic , 
A
Fec  and 
A
Alc  ac-
cording to the following equations
Fe
A
FeAl
A
AlNi
A
Ni
A
Ni
Ni AcAcAc
c
m
aN


0
3
 ,          (3.20a)
Fe
A
FeAl
A
AlNi
A
Ni
A
Al
Al AcAcAc
c
m
aN


0
3
 ,          (3.20b)
Fe
A
FeAl
A
AlNi
A
Ni
A
Fe
Fe AcAcAc
c
m
aN


0
3
 ,          (3.20c)
2 FeAlNiV NNNN .          (3.20d)
The following relationships, which are analogous to Eqs. (3.18a), (b) and (c), can also be es-
tablished for determining the unit cell contents without the exact knowledge of ANic , 
A
Fec  and
A
Alc :
0
3
m
aNANANA FeFeAlAlNiNi

 ,          (3.21a)
2
3aRNRNRNRN FeFeAlAlNiNiVV  ,          (3.21b)
2 FeAlNiV NNNN .          (3.21c)
Obviously, Eqs. (3.21a), (b) and (c) are not sufficient for solving five parameters NV, NNi, NAl,
NFe, and RFe. Nevertheless, RFe can be derived from a 0.0217 Å difference between the lattice
parameters of -FeAl and -NiAl, i. e. RFe = 1.22093 Å. In fact, NiFe RR  , because the lattice
parameter of pseudo-binary -Ni50-xFexAl50 remains virtually a constant for x << 50 (Jacobi
and Engell 1971). In order to obtain non-trivial solutions for NV, NNi, NAl and NFe, the forth
equation may be given by
3. Unit cell contents from mass density and lattice parameter

27
A
Ni
A
Fe
Ni
Fe
c
c
N
N
 .          (3.21d)
Although the accuracy of AFec  and 
A
Nic  is rather poor, the application of Eqn. (3.21d) will not
introduce extra error to NAl, NV, and NTM = NNi + NFe,, because AFec <<
A
Nic , 
A
Fec <<
A
Alc , and
FeNi AA  , as well as  NiFe RR   hold.
3.2 Mass density from hydrostatic weighing
3.2.1 Hydrostatic weighing
      The mass density was determined by hydrostatic weighing. The centre of the weighing
system is a microbalance UMT-2 from Mettler-Toledo (resolution 0.1 g and standard devia-
tion 0.5 g). The sample was loaded onto the balance for hydrostatic weighing by the follow-
ing sequence: the balance was firstly attached with a gold-plated chain, then the chain was
linked to a platinum wire 0.025 mm in diameter, then a hammock-like sample carrier was
connected with the thin wire and suspended into the liquid, finally the sample was brought
into the carrier for weighing (Wolf 1995).
      Dodecane (C12H26) was chosen as immersion liquid because of its low surface tension, low
vapour pressure, small chemical reactivity, normal heat conductivity, and suitable viscosity.
The actual density of the immersion liquid l was either measured in situ with a Si single
crystal of known density or calculated according to the liquid temperature with an empirical
relationship
t..l 000740763770  ,            (3.22)
with l in g/cm3 and t in °C (B. Wolf 1995, private communication).
      After weighed in the air, the sample was immersed into the liquid, shaken vigorously, and
left in the liquid for several minutes in order to eliminate the air bubbles adhered at the sample
surface. The hydrostatic weighing was normally repeated at least 5 times. Afterwards the sam-
ple was cleared and weighed in air again. However, the mass difference before and after hy-
drostatic weighing was observed within the standard deviation of the microbalance, therefore
the mass exchange between the sample and the immersion liquid was negligible for all the
samples considered here.
      Although the density measurement could be affected by the temperature, temperature con-
trol was nonetheless not necessary. The temperature fluctuation, for either the room or the
liquid temperature, was typically within 0.5 K. Consequently, the error due to temperature
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fluctuation was insignificant in comparison with the major error due to the fluctuation of the
force exerted on the platinum wire by the immersion liquid.
3.2.2 Data processing
      According to Archimedes’ principle, the mass density of the sample  can be determined
from the apparent mass weighed in the immersion liquid ml and the density of the immersion
liquid l with
l
l
m
m



1
1 ,            (3.23)
where m should be the mass of the sample weighed in vacuum. Nevertheless, the measure-
ment is normally performed while the sample is immersed in air. Moreover, throughout the
measurement, an internal self-calibration procedure is performed automatically with a stan-
dard immersed also in air. Consequently, if ma is the mass weighed while both the sample and
the standard are in air and mla is the mass weighed while the sample is in the immersion liquid
and the standard is in air, then m and ml can be derived from ma and mla according to the fol-
lowing correction equations




a
s
a
amm



1
1
,            (3.24)







s
a
lal mm

1 ,            (3.25)
where a is the density of air and s is the density of the standard. Thus  can be expressed by
experimentally measured quantities ma and mla as
l
a
a
la
m
m












11
1 ,            (3.26)
where a depends on meteorological parameters such as air pressure, temperature, and humid-
ity (Kuchling 1999).
      Eqn. (3.26) is of iterative characteristic, because , the density of the sample to be deter-
mined, stands on both sides of the equation. However, the correction factor  a1  is in the
order of 1-210-4, hence it proves sufficient to use the standard value of air density (1.2 Kg/m3,
cf. Kuchling 1999) and the recommended value of the density of the stoichiometric compound
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(5.9 g/cm3, cf. Noebe et al 1992) to achieve the necessary precision within the first iteration
cycle.
3.2.3 An increment of mass density after high temperature creep
      For the sample prior to creep test, the mass density 0 is presented with respect to the
composition in at% Al as shown in Fig. 3.1, where the open and compact symbols correspond
to nominal and EPMA compositions, respectively, the straight lines are drawn according to
Eqn. (3.1), and the cross symbols represent the experimental data of Taylor and Doyle (1972).
The relative error of the mass density is about 6.710-5, whereas that of the Al composition is
around 2.010-2, therefore the experimentally determined densities are in general fit with the
empirical straight lines. Fig. 3.1 seems indicating that the actual composition might lie be-
tween the nominal and the EPMA ones, because the corresponding symbols are located on the
different sides of the empirical line. In addition, Fig. 3.1 evidently suggests that crystal A and
crystal C are slightly Al-richer while crystal B and crystal D are significantly more Al-
deficient in comparison with the nominal compositions, which is in agreement with the
EPMA measurement and with the elemental partition and segregation studies (Vaerst et al.
1995a, b). Nevertheless, caution has to be taken on determining the composition from the
mass density for single crystal samples according to Eqn. (3.1), because the equation is basi-
cally based on the experimental data of bulk polycrystal samples which are often associated
with micropores (Taylor and Doyle 1972, Yang and Dodd 1978, van Ommen 1981).
      In Fig. 3.2, c  0 is plotted versus creep temperature T, where c is the mass density
measured after creep test. An increment is clearly observed for the mass density after high
temperature creep, especially after test at 1673 K, since c  0 is always positive. Because the
mass density of -NiAl increases linearly, though with different slope, with increasing Ni con-
centration on different sides of the stoichiometric composition, and because a selective deple-
tion of Al content has been previously reported in association with high temperature processes
(Fraser et al. 1973b, Forbes et al. 1996), the loss of Al content is certainly the first cause of the
observed density increment. Still, it is necessary to determine the lattice parameter for the
sample prior to and after high temperature creep. Afterwards, not only the loss of Al content
but also other changes to the unit cell contents will be specified.
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Fig. 3.1 Mass density prior to creep test
Fig. 3.2 Increment of mass density after creep test
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3.3 A single exposure method for determining lattice parameter from Kossel pattern
3.3.1 Imaging Plate Diffraction System
      Both back reflection Kossel and Laue patterns were recorded on the STOE IPDS. The key
to this system is the IP, an advanced area detector with outstanding features like reusability,
high efficiency, high sensitivity, wide dynamic range, unlimited instantaneous counting rate,
and low image distortion. The working material of the IP is Eu2+ doped BaFBr, a photo
stimulable phosphorus crystal. The IP applied on the STOE IPDS is essentially a flexible
plastic plate that is coated by a phosphorescent powder layer (150 m), covered by a protec-
tive layer in the front and supported by an aluminium plate at the back. The X-ray diffraction
experiment using the IPDS basically consists of two steps, exposure and readout. When the IP
is exposed to X-ray radiation, some of the electrons in the valence band of BaFBr:Eu2+ are
excited to the conduction band which corresponds to the ionisation of Eu2+ to Eu3+. The elec-
trons are then trapped in Br and F vacancies deliberately introduced into the phosphorescent
crystal, which results in the formation of metastable colour centres (F-centres). In conse-
quence, a latent X-ray diffraction image is temporarily stored as the distribution of the colour
centres across the IP. During readout process, the IP is scanned by an accurately positioned
He-Ne laser beam ( = 632.8 nm, beam cross-section diameter 150 m). The trapped electrons
are excited to the conduction band and immediately transit back to the valence band, which
results in the release of blue luminescence (  390 nm) and the reduction of Eu3+ to Eu2+.
The luminescence is collected by a photo-multiplier tube (PMT). The output of the PMT is
amplified and converted to digital signal that can be transfer to and stored in a computer. Sub-
sequently, the X-ray diffraction pattern is established as the distribution of the pixel intensity
of the laser stimulated luminescence on the computer. Ideally the pixel intensity should be
proportional to the intensity of X-rays incident upon the corresponding 0.150.15 mm2 area
on the IP. Therefore the IP not only records the diffraction pattern but also collects the dif-
fraction intensity. Finally, the residual latent image is erased by illuminating the IP with in-
tense visible light, and the IP is ready for the next exposure (Miyahara et al. 1986, Amemiya
1995).
3.3.2 Experimental details for recording back reflection Kossel pattern
      In general, Kossel patterns result from diffraction of divergent characteristic X-rays by
single crystals, and have been observed by a variety of experimental techniques using X-rays,
electrons, and protons as primary radiation (cf. Tixier and Wache 1970, Galdecka 1992). For
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recording the back reflection Kossel patterns of -NiAl and -NiAl(Fe) single crystals on the
STOE IPDS, a ‘white’ X-ray beam from a Siemens Mo tube is applied as the primary radia-
tion. The X-rays coming out of the tube are collimated by a collimator. The collimator is 120
mm in length and the pin-hole of the collimator is 0.2 mm in diameter. For carrying out back
reflection experiment, a circular opening 20 mm in diameter is specially engineered at the
centre of the circular shaped IP (diameter 180 mm) to ensure a tight fit between the IP and the
collimator. Consequently, the primary X-ray beam runs through the centre of the IP and per-
pendicular to the IP, at least within the allowance of the mechanical engineering. The sample
is positioned with a precision positioning system composed of a goniometer and a set of DC
motors. The motors are controlled by a PC, while the resolutions are 0.1° for rotational
movement and 0.01 mm for translational movement. The goniometer can be adjusted by hand
under the observation of a telescope, and the precisions of rotational and translational adjust-
ments are about 0.2° and 0.02 mm, respectively (Jaenicke-Rößler 1995). The distance between
the sample and the IP is set at 40.5 mm. At this distance, the exposed area on the sample sur-
face is about 0.4 mm in diameter. A panorama of the STOE IPDS is pictured in Fig. 3.3,
where the imaging plate and the positioning system can be seen inside the back reflection
chamber on the right side, the readout system is located in the transmission chamber on the
left side, and the X-ray tube sits in the middle between two chambers.
Fig. 3.3 STOE Imaging Plate Diffraction System
      For the Kossel patterns recorded with -NiAl and -NiAl(Fe) single crystals on the STOE
IPDS, the Kossel lines are all due to the reflection of divergent Ni K X-rays, because con
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structive diffraction of Al K X-rays ( = 8.33751 Å) by the lattice planes of near-
stoichiometric -NiAl and -NiAl(Fe) single crystals (a  2.887 Å) can not be realised ac-
cording to Bragg’s law, and because Kossel diffraction of other characteristic X-rays, e. g. Fe
K and Ni K, are apparently too weak to overcome the background. In order to excite Ni K
fluorescence, the minimum wavelength min of the continuous spectrum of the ‘white’ X-ray
beam should be in principle shorter than Ni K absorption edge at 1.488 Å. As min is deter-
mined by the voltage U applied on the X-ray tube according to the relationship
U
398520.12
min              (3.27)
with min in Å and U in kV, U should be at least higher than 8.3 kV. Obviously, a higher effi-
ciency for exciting Ni K radiation can be achieved, if the peak wavelength p of the continu-
ous spectrum locates near to 1.488 Å. As p approximates to 1.5min for a tube of thick target
(Dyson 1973, Arndt 1992a, Monaco 1992), the operating voltage should be not much higher
than 12.5 kV. Nevertheless, the intensity of the white X-ray beam is rather low when the tube
is applied with 12.5 kV, thus the exposure time needs to be much longer than 24 hours. On the
other hand, the signal-to-background ratio deteriorates notably when a voltage higher than 30
kV is applied. Therefore a compromise has to be figured out by balancing two factors, i. e. the
exposure time and the image quality. Empirically voltages between 18 kV to 28 kV have been
proved feasible for recording back reflection Kossel patterns from -NiAl and -NiAl(Fe)
single crystals. The typical exposure times are about 4, 6, and 10 hours for the tube operating
under 28, 24, and 20 kV, respectively.
      For all samples prior to creep test, Kossel patterns have been recorded without any
problem following aforecited experimental settings. Fig. 3.4 (a) shows the Kossel pattern
recorded with a [001] oriented sample from the single crystal B prior to creep test. However, if
the exposure position is arbitrarily chosen on the surface of a deformed sample, the Kossel
lines are often too diffused to overcome the background due to mosaic spread and other lattice
distortion caused by high temperature creep test. It is therefore necessary to survey the
deformed sample systematically and characterise the lattice imperfection with the back reflec-
tion Laue method. Subsequently, positions suitable for recording Kossel patterns can be pre-
selected before the time-consuming Kossel experiment is actually performed. Fig. 3.4 (b), (c)
and (d) are the Kossel patterns recorded with the samples deformed at 1473, 1573 and 1673
K, respectively.
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Fig. 3.4 Kossel patters recorded (a) prior to creep test and (b)-(e) after creep test
      As shown in Fig. 3.4 (b)-(d), the mosaic spread is not particularly wide, though quite ob-
vious according to the Laue patterns simultaneously recorded. The Kossel lines start to blur
out when the mosaic spread is getting wider as demonstrated in Fig. 3.4 (e). Furthermore, the
orientation of deformed crystal deviates around 5° from the original [001] orientation. Never-
theless, the change of lattice parameter caused by high temperature creep can be concluded
only after a careful analysis has been performed to the Kossel patterns recorded before and
after the creep test.
3.3.3 Formulation of Kossel pattern interpretation
      The Kossel pattern consists of Kossel lines due to Bragg reflection of divergent character-
istic radiation emitted from atoms inside the specimen, where the characteristic X-rays are
excited by a primary radiation, i.e. a white X-ray beam in the present case. Consequently, the
reflected characteristic X-rays form a cone with its vertex located at the point where the single
crystal sample is exposed to the primary radiation, and its cone axis parallel to the normal of
the lattice plane or the reciprocal lattice vector. Most importantly, the semi-apical angle  is
related to the Bragg angle  by
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 = 90°  ,            (3.28)
where  is determined by the corresponding lattice spacing d and the characteristic wavelength
 according to Bragg’s law
2dsin = n.            (3.29)
For the simple-cubic lattice, d is related to the lattice parameter a by
222 lkhda  ,            (3.30)
where hkl are the Miller indices of the lattice plane. Therefore, a can be determined when n, ,
 and hkl are known
      For the Kossel patterns recorded with -NiAl and -NiAl(Fe) single crystals on the STOE
IPDS, Ni 
1
K and 
2
K doublet can not be resolved due to several reasons, e.g. the rather broad
exposed area, the mosaic spread of the crystal, and the limited spatial resolution of the IP.
Consequently the weighted average wavelength K has to be applied for determining the lat-
tice parameter with
1
2
2
1
2
1
1









K
K
K
K
K
K
K
I
I
I
I


 .            (3.31)
The theoretically calculated and experimentally measured values for 
12  KK
II  are
0.5120.010 (Scofield 1974) and 0.5080.010 (Salem et al. 1974), respectively. A value of
0.5114 has also been quoted by Zschornack (1989). Moreover, 1.65784 and 1.66169 Å are
recommended for 
1
K and 2K  (Arndt 1992b), K is then determined to be 1.65914 Å. Fur-
thermore, the probable error of Ni 
1
K and 2K has been reported to be 0.000008 Å (Bearden
1967). Finally, it is straightforward to get K = 1.659140.00001 Å.
      The accurate calculation of  and hkl relies on the quantitative description of the Kossel
pattern and experiment settings. Therefore it is necessary to establish a co-ordinate system, e.
g. the system illustrated in Fig. 3.5. The origin of the system is set at the centre of the circular
shaped IP and the (x, y) plane coincides with the IP. Following the convention set for the read-
out system of the STOE IPDS, the y axis points vertically upwards and the x axis points hori-
zontally rightwards when the IP is seen from the crystal side. Subsequently the z axis is
uniquely determined with the z direction virtually parallel to the primary X-ray beam.
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Fig. 3.5 Co-ordinate system for Kossel measurement
      Line indexing is the first and very essential step for interpreting Kossel pattern. In this
special case, the Kossel lines can be easily indexed according to the measurement of the Kos-
sel pattern and the information derived from the Laue pattern. Firstly, sin is estimated based
on certain approximations. As the collimator is fitted at the centre of the IP and perpendicular
to it, the centre of the Kossel pattern should coincide with the centre of the IP and the exposed
point should locate on the z axis, at least within the accuracy of mechanical machinability.
Assuming (0, 0, t0) the co-ordinates of the vertex of the cone (point S on Fig. 3.5), (xi, yi, 0)
the co-ordinates of the ith point on the Kossel line (point Ki on Fig. 3.5) and (x0, y0, 0) the co-
ordinates of the point where the cone axis intersects the IP (point H on Fig. 3.5), then the
Bragg angle is given by
 sincos 
i
i
SKSH
SKSH            (3.32)
or
sin
2
0
2
0
2
0
2
0
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0000



tyxtyx
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ii
ii .            (3.33)
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As t0 can be determined from the Laue pattern and a sufficient amount of points along the
Kossel line (i = 1 ... N) can be co-ordinated, the optimal solution for x0, y0, and sin can be
calculated with the least squares method by minimising
2
1
2
0
2
0
2
0
2
0
22
0000 sin





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

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

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N
i ii
ii
tyxtyx
ttyyxxS  .            (3.34)
Since the lattice parameter is approximately 2.887 Å for near stoichiometric -NiAl and the
orientation can be well determined by the Laue pattern, the Miller indices hkl and the order of
reflection n can be readily deduced according to the Bragg's law with

sin2222 alkhn  .            (3.35)
      However, the Bragg angle  calculated from minimising S in Eqn. (3.34) is not accurate
enough due to the fact that the collimator can be fixed neither exactly at the centre of the IP
nor strictly perpendicular to it. In other words, the exact co-ordinates of the cone vertex should
in general be given by (x, y, t) and is different from though approximate to (0, 0, t0). In order
to evaluate  precisely, Eqn. (3.33) has to be rewritten as
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00 .            (3.36)
On the other hand, the Kossel line can be mathematically described by either of the following
two general conic equations
x2 + c1xy + c2y2 + c3x + c4y + c5 = 0,          (3.37a)
and
C1x2 + C2xy + C3y2 + C4x + C5y + 1= 0,          (3.37b)
and is uniquely defined by five coefficients (c1, c2, c3, c4, c5) or (C1, C2, C3, C4, C5). Conse-
quently, six parameters, namely x, y, t, x0, y0, and , are redundant for defining a Kossel
line, thus can not be simultaneously determined from minimising S of the following summa-
tion
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 .            (3.38)
Nevertheless, for all Kossel lines on the same Kossel pattern, the corresponding conic nodes
coincide at (x, y, t). Consequently, if more Kossel lines are involved in calculation, it is then
theoretically possible to determine a set of parameters (x, y, t, x0j, y0j, j) (j = 1 ... M)
through minimising S of the following double summation 
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where subscript j refers to the parameters for the jth Kossel line. Moreover, sinj can be re-
lated to the lattice parameter a according to
a
nH j
j
1
2
sin

  ,            (3.40)
where both 222 jjjj lkhH   and n have already been known after line indexing. The dou-
ble summation can be rewritten as
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so that least square fitting can be proceeded with respect to a directly. However, (a, x, y, t,
x0j, y0j) (j = 1 ... M) are not all independent parameters, i. e. following constraints ought to be
satisfied for the CsCl structure type,
     
        nm
nm
nnmm
nmnm
HH
HH
tyyxxtyyxx
tyyyyxxxx





22
0
2
0
22
0
2
0
2
0000

 ,            (3.42)
where  nnnn lkhH 

 and  mmmm lkhH 

 are reciprocal lattice vectors corresponding to the
nth and mth Kossel lines, respectively. Thus (a, x, y, t, x0j, y0j) (j = 1 ... M) have to be com-
puted by the method of least squares with constraints, a rather complicated procedure. Alter-
natively, x0j and y0j can also be deduced from the camera parameters (x, y, t) and the crystal
orientation. In general, from an initial orientation, e. g. a  parallel to the x axis and b

 parallel
to the y axis, an arbitrary orientation can be reached by specific rotations about x, y, and z axes
in sequence. The rotation angles x, y, and z can be well determined according to the Laue
pattern (Helliwell et al. 1989). Consequently, the direction cosines of an arbitrary reciprocal
lattice vector h a +k

b +l c  of a cubic lattice are given by






























 









 

	










l
k
h
lkh
xx
xx
yy
yy
zz
zz









cossin0
sincos0
001
cos0sin
010
sin0cos
100
0cossin
0sincos
1
cos
cos
cos
222
,            (3.43)
and x0 and y0 can be calculated according to
3. Unit cell contents from mass density and lattice parameter

41



cos
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0 txx  ,          (3.44a)
and



cos
cos
0 tyy  .          (3.44b)
Therefore a new set of parameters (a, x, y, t, x, y, z) can be refined through minimising
the S in Eqn. (3.41) by a non-linear least-square fitting procedure but without constraint.
3.3.4 Refinement procedure
      Because there is no analytical solution for the non-linear problem, parameter initialisation
is crucial for avoiding false solutions associated with local minima. Fortunately, the parame-
ters (a, x, y, t, x, y, z) can be readily initialised as follows: x, y, z, and t with the val-
ues determined from the Laue pattern; x and y with 0; and a with the approximate value
derived from the solution of Eqn. (3.33). Subsequently, the least-square refinement has been
carried out by the combination of grid search procedure and the so-called semi-analytical
method. In Fig. 3.6 (a), (b), (c) and (d), the varaition of S with respect to a, t, x and y is il-
lustrated. The illustration indicates that the fitting procedure is effective for finding the opti-
mal solutions. In addition, for any parameter p of (a, x, y, t, x, y, z), the S  p curve near
the optimal solution p0 can be described by a parabolic equation
 20ppDSS min  ,            (3.45)
while D > 0. Importantly, D is related to the uncertainty of parameter fitting 2p  by
D
sin
p
2
2 
  ,            (3.46)
where 2

 sin  represents the uncertainty of sin, because S is actually nothing else but the
sum of square deviation of sin , i. e. the difference between sin  measured experimentally
according to the Kossel pattern and sin  predicated theoretically according to Bragg’s Law
(Brandt 1989).
      Extreme care has to be taken on the refinement of the sample-to-detector distance t, be-
cause t and a are strongly correlated (Morris 1968). Initially, (a, x, y, x, y, z) can be re-
fined with t fixed to t0 determined from the Laue pattern. Nevertheless, it is still necessary to
refine t for the precision determination of a, because the corresponding wavelength ranges are
likely different for exciting the Ni K fluorescence and for recording the Laue pattern, which
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results in the difference between t for the Kossel pattern and t0 for the Laue pattern. In any
case, the difference is only marginal, therefore t should be refined with a restraint, e. g. t0 
0.05 mm.
Fig. 3.6 Dependence of S on fitting parameters 
(a) lattice parameter a, (b) crystal-to-IP distance t, (c) co-ordinate of Kossel pattern centre x,
 and (d) angle of rotation around y axis for crystal orientation y
3.3.5 Lattice parameter and high temperature creep
      In Fig. 3.7, a0, the lattice parameter determined prior to the creep test is presented with
respect to both nominal and EPMA compositions in at% Al. Again, the open and compact
symbols correspond to nominal and EPMA compositions, respectively. The straight lines are
drawn according to Eqn. (3.2) from Noebe et al (1992); and the cross symbols represent the
experimental results of Taylor and Doyle (1972). The relative error of the lattice parameter is
around 210-4, hence the scatter about the empirical straight lines can be well accounted for by
the deviations of both the lattice parameter and the composition, and is also comparable with
the scatter of powder data from Taylor and Doyle (1972). It is notable that the lattice parame-
ter of crystal C is greater than that of crystal A, which is in accordance with the difference
between the Goldschmidt radii of Fe and Ni atoms (Vainshtein et al. 1995) and the difference
between the lattice parameters of isostrutural -FeAl and -NiAl (Villars and Calvert 1989).
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Nevertheless, it is premature to conclude that the greater lattice parameter for crystal C has
nothing to do with the substitution of Al atoms on the Ni sublattice sites.
Fig. 3.7 Lattice parameter prior to creep test
Fig. 3.8 Decrement of lattice parameter after creep test
      In Fig. 3.8, a0  ac is plotted with respect to creep temperature T, where ac is the lattice
parameter measured after creep test. A decrease of lattice parameter has been generally ob
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served. For Al-deficient crystals, e. g. crystals B and D, the lattice parameters are expected to
decrease after losing Al during high temperature creep. For Al-rich but near-stoichiometric
crystals, e. g. crystals A and C, the lattice parameter decreases after losing Ni or a sufficient
amount of Al, as the lattice parameter reaches the maximum at or near the stoichiometric
composition. Therefore, for all four crystals, the decrement of the lattice parameter can be
consistently attributed to the depletion of Al content during high temperature creep. Further-
more, the influence of high temperature creep upon the unit cell contents can be quantitatively
specified by combining the lattice parameter and mass density measurements.
3.4 Unit cell contents and high temperature creep
3.4.1 Unit cell contents prior to creep test
      Prior to the creep test, the unit cell contents have been determined from  and a according
to either Eqn. (3.20) based on the knowledge of ANic , 
A
Fec  and 
A
Alc , or Eqn. (3.21) based on the
rigid sphere model. In Table 3.1, NAl, NV, and NTM = NNi + NFe are listed for all four crystals
A, B, C and D, while N.C., E.C., and R.S. classify that corresponding NAl, NV, and NTM are
derived from the nominal composition, the EPMA composition, and the rigid sphere model,
respectively. In principle, NAl, NV, and NTM derived following different approaches are consis-
tent with each other and the differences can be attributed to the experimental errors.
      At this point, a few words on the error evaluation might be necessary. On one hand, the
uncertainty of nominal composition has not been specifically reported. Alternatively, the dif-
ference between nominal and EPMA compositions might be taken as the error for nominal
composition. Referring back to Table 2.1, the difference is quite small for near-stoichiometric
crystals A and C but rather big for off-stoichiometric crystals B and D, which is in accordance
with the compositional deviation reported in the previous studies on elemental partition and
segregation in -NiAl and -NiAl(Fe) single crystals (Vaerst et al. 1995a, b). However, the
difference between nominal and EPMA compositions should not be regarded as the error in
nominal composition in the strict sense, and the corresponding error in NAl, NV, and NTM might
only be taken as reference. In fact, even if the difference could be properly taken as the error
of nominal composition, the corresponding error of NAl, NV, or NTM is quite high for crystal B
and D as listed in Table 3.1. In particular, the estimated error in NV is actually one order of
magnitude higher than NV itself, which inevitably casts doubt on the reliability of correspond-
ing NV. On the other hand, the uncertainty of EPMA composition is unsatisfactorily high, i. e.
about 1 at% for Al composition and 0.5 at% for Ni composition. Consequently, the corre
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sponding error in unit cell contents is generally at a high level and the significance of NAl, NTM,
and NV has to be reduced, which limits further discussion on the unit cell contents so deter-
mined. Finally, following the rigid sphere approach, the major cause of error in NAl, NTM, and
NV has been attributed to the uncertainty of lattice parameter measurement, because the un-
certainty of a is relatively greater than the uncertainties of  and because a is related to the
unit cell contents in the form of a3 according to Eqn. (3.21a). Importantly, the error in NAl, as
well as the error in either NV or NTM, is identical for all four crystals, and the error in NV is at
least of the same order of magnitude as NV. In this respect, the unit cell contents derived fol-
lowing the rigid sphere approach are considered more consistent and reliable, and will be the
focus of further discussions.
Table 3.1 Unit cell contents prior to creep test
A B C D
NAl 0.998(2) 0.990(9) 0.998(3) 0.997(13)
NTM 0.998(2) 1.010(9) 0.998(2) 1.003(14)
NV 0.004(3) 0.000(10) 0.004(3) 0.000(17)
N.C.
NAl 1.00(2) 0.98(2) 1.00(3) 0.98(2)
NTM 1.00(1) 1.01(1) 1.00(2) 1.01(1)
NV 0.00(2) 0.01(2) 0.00(2) 0.01(2)
E.C.
NAl 1.002(4) 0.988(4) 1.004(4) 0.995(4)
NTM 0.996(2) 1.011(2) 0.995(2) 1.004(2)
NV 0.002(2) 0.001(2) 0.001(2) 0.001(2)
R.S.
     From NAl and NTM listed in Table 3.1 classified by R.S., the Al concentrations can be read-
ily determined to be 50.15  0.23 at% and 50.23  0.23 at% for crystals A and C, respectively.
Therefore the Al-rich composition is further confirmed for these two crystals following the
rigid sphere approach. Moreover, the deviation from the stoichiometry is apparently compen-
sated by the creation of Al antistructure defects as well as vacancies on the Ni sublattice sites,
because NAl > 1 and NV > 0 for both crystals. Furthermore, the formation of Al antistructure
defects is seemingly promoted by the microalloying addition of iron, and the greater lattice
parameter for crystal C is evidently attributed more to the formation of Al antistructure defects
than to the substitution of smaller Ni atoms with bigger Fe atoms. Notably, the TDS model is
the key to the rigid sphere approach, because both empirical Eqn. (3.2) and theoretical Eqn.
(3.15) are based on the TDS model and the effective radii of vacancy, Al and Ni atoms are
derived from a term-to-term comparison between these two equations. Consequently, the ap
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plication of these radii might be intrinsically in favour of the TDS theory but should not bias
towards the formation of Al antistructure defects.
      On the other hand, it is evident according to Eqn. (3.21) that the error in NAl is largely de-
termined by the uncertainty of the lattice parameter measurement and that NAl might be effec-
tively reduced by applying a lattice parameter smaller than what determined from Kossel pat-
terns, i. e. a = 2.8872 Å for crystal A and a = 2.8875 Å for crystal C, respectively. In other
words, the formation of Al antistructure defects could be attributed to positive bias in a deter-
mined from Kossel pattern. Nevertheless, the lattice parameters have been determined to be
2.8879  4 Å for crystal C and 2.8876  3 Å for a binary crystal of the same nominal stoichi-
ometric composition by the measurement on the four-circle diffractometer (Faber 1996). Evi-
dently, even if there might be bias in applying the single exposure method for determining the
lattice parameter from the Kossel pattern, the bias is likely a negative rather than a positive
one. Consequently, the formation of Al antistructure defects can not be attributed to positive
bias in lattice parameter measurement. In summary, NAl > 1, a fact derived from the combined
a and  measurements and the rigid sphere theory, can not be explained in terms of any obvi-
ous theoretical and experimental biases, therefore the existence of Al antistructure defects can
not be denied for near-stoichiometric Al-rich crystals A and C, especially for iron doped crys-
tal C. In any case, it is premature to conclude that the TDS theory holds in the strict sense. As
a matter of fact, there is no clear experimental evidence in support of the abrupt changes of a
and  at the stoichiometric composition as specified by Eqs. (3.1) and (3.2), neither the pio-
neering structure analysis of Bradley and Taylor (1937) nor the refined a and  measurements
of Taylor and Doyle (1972), although both studies have been considered as the classic cases in
favour of the TDS theory.
      For off-stoichiometric Al-deficient crystals B and D, the Al concentrations derived from
the unit cell contents following the rigid sphere approach are 49.42  0.23 at% and 49.77 
0.23 at%, respectively, which lie between the nominal and EPMA compositions. Moreover,
the deviation from the stoichiometry is dominantly compensated by the formation of an-
tistructure defects on Al sites, because NTM > 1 and NTM  NAl >> NV, which is in agreement
with the TDS theory. Importantly, NV is at a low level not only for Al-deficient crystals but
also for Al-rich ternary crystal. In particular, NV is not as high as what predicted by the TDS
theory for Al-rich binary crystal A. As the vacancy creation and vacancy diffusion are of utter
importance for high temperature creep, it is interesting to see how high temperature creep af-
fects the aforementioned observations.
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3.4.2 Unit cell contents after creep test
3.4.2.1 Selective depletion of Al content during high temperature creep
      Based on the rigid sphere model, NAl, NTM and NV can be determined from a and  meas-
ured after high temperature creep test. In Fig. 3.9 (a) and (b), NAl and NTM are plotted ver-
sus creep temperature T, while  stands for the difference between what was determined after
and before the creep test and the errors in NAl and NTM are 0.006 and 0.003, respectively. A
selective depletion of Al content can be readily observed as NAl and NTM are negative and
positive, exclusively and respectively.
      For the samples prior to and after creep test, cAl, the Al concentration in at% is listed in
Table 3.2 with an error around 0.23 at%. Clearly, creep at 1473 K does not cause significant
change in composition whereas creep at 1673 K may cause up to 2% decrease in Al concen-
tration, which is in accordance with the EPMA measurement (T. Stephan 1998, private com-
munications).
Table 3.2 Al concentration (cAl) prior to and after high temperature creep
cAl (at %)
T(K) A B C D
prior to 50.15 49.42 50.23 49.77
1473 50.10 49.37 50.15 49.65
1573 49.92 49.24 49.95 49.44
1673 49.44 48.59 49.08 48.69
      After the high temperature creep test, a selective depletion of Al content is quantitatively
observed by the combined lattice parameter and mass density measurements. However, it may
be pointed out that the relative loss of Al content is more likely due to the high temperature
rather than due to the creep deformation. In fact, the Al concentration has been observed to be
as low as 45.5 at% at the surface of a nominal stoichiometric -NiAl single crystal specimen
annealed at 1650 K for 24 hours (Werker 1997), and the lattice parameter has been determined
to be 0.002Å shortened for a nominal stoichiometric -NiAl single crystallite annealed at
1623 K for 24 hours (Faber 1996). Moreover, the selective depletion of Al content can not be
attributed to a layer of NiAl2O4 suggested to form at the sample surface during high tempera-
ture processes (Fraser et al. 1973b), because no significant level of oxygen has been detected
by the EPMA measurement either before or after the creep test being performed in a high vac-
uum environment (T. Stephan 1998, private communications). Instead, the relative loss of Al
3. Unit cell contents from mass density and lattice parameter

48
content may simply be attributed to a relatively higher rate for Al atoms evading from sample
surface to vacuum.
Fig. 3.9 Selective depletion of Al content due to high temperature creep
(a) decrement of NAl and (b) increment of NTM
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      Similarly, the loss of Al content, but neither the formation of oxide layer nor any kind of
structure change, has been noticed for the tension creep test performed in vacuum at tempera-
tures up to 1473 K (Forbes et al. 1996). It is important to stress that the observed loss of Al
content is not significant enough to cause any phase transition referring to the binary Ni-Al
phase diagram edited by Singleton et al. (1990). It might be worthwhile to mention that the
single phase range is significantly narrowed at temperatures around 673 K for -NiAl on a
new phase diagram presented by de Boer et al. (2002, unpublished data). Nevertheless, such a
modification is contrary to almost all experimental observations as reviewed by Noebe et al.
(1992) and by Miracle (1993).
3.4.2.2 Vacancy concentration and high temperature creep
Fig. 3.10 Influence of high temperature creep upon NV
      
      Following the rigid sphere approach, NV, the number of vacancies per unit cell can also be
determined from a and  measured for the deformed sample. NV is subsequently plotted ver-
sus creep temperature T as shown in Fig. 3.10. Here  indicates also the difference between
NV determined after and before the high temperature creep test, and the error in NV is about
0.003. Referring to Fig. 3.10 and Table 3.1, a low level of vacancy concentration can be ob-
served in the samples from Ni-rich binary crystal B before and after high temperature creep
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test, while a relatively higher vacancy concentration is observed in the samples from initially
Al-rich binary crystal A, especially after high temperature creep test. Most importantly, a sig-
nificant increase of vacancy concentration apparently occurs after creep at 1573 and 1673 K
for ternary crystals C and D, although the vacancy concentration is initially also at a low level
and remains so after creep at 1473 K. The deformed sample has not been quenched from high
temperature down to the room temperature, instead has been left in vacuum to be cooled down
in a natural course. Consequently, the observed vacancy concentration does not reflect the
concentration of vacancies actually created during the high temperature creep but rather the
concentration of vacancies left in the sample around a certain temperature point when the dif-
fusion of vacancies into sinks, e .g. subgrain boundary and sample surface, virtually stops.
Therefore, the low vacancy concentration in the binary crystals does not necessarily infer that
creation and diffusion of vacancies are not important for the high temperature creep of the
binary crystals. On the other hand, the relatively higher vacancy concentration left in the ter-
nary crystals after high temperature creep does indicate that not only the vacancies have been
created during high temperature creep but also the vacancy migration has been somehow hin-
dered by the microalloying addition of iron, which is in corroboration with the higher activa-
tion energy for creep determined in Chapter 2 for these two ternary crystals. As the diffusion
mechanism has not yet been fully understood even for binary -NiAl (Wynblatt 1967, Arita et
al. 1989, Mishin and Farkas 1997a, b, Divinski and Herzig 2000), further studies on this topic
is obviously necessary.
3.5 Site preference of Fe atom
      The microalloying addition of Fe (0.1 to 0.25 at%) has been reported to result in a signifi-
cant improvement on the room temperature tensile ductility of -NiAl single crystal (Darolia
et al. 1992). The improvement on the high temperature strength has also been reported for
ternary (Ni,Fe)Al alloys of atomic composition Ni50-xFexAl50 with the maximum strengthening
effect observed for x = 10 (Rudy and Sauthoff 1985, Jung et al. 1987, Rudy and Sauthoff
1987, Sauthoff 1995). However, the mechanism of the improvement, either on the room tem-
perature tensile ductility or on the high temperature creep resistance, is still not fully under-
stood. Relevantly, a quantitative, or even a qualitative agreement has not yet been reached on
the site selectivity of Fe alloying addition. Based on the analysis of extended X-ray absorption
fine structure (EXAFS) and Mössbauer spectra, Chartier et al. (1994) have conclude that Fe
atom is surrounded by Al nearest-neighbour atoms for Al rich alloy and that Fe atom is prefer
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ential over Ni atom for substitution on Al site in transition metal rich alloy. The magnetic sus-
ceptibility and nuclear magnetic resonance measurements seemingly support the preference of
Ni site in Ni deficient phase but show also the evidence of substitution on Ni site in Al defi-
cient phase (Golberg and Shevakin 1995). The more recent EXAFS measurement excludes Al
nearest-neighbour atoms from surrounding Fe atom for a specimen of atomic composition
Ni49.8Al50.0Fe0.2 (Meyer et al. 1998). The so-called ALCHEMI (atom location by channelling-
enhanced microanalysis) measurement is in qualitative agreement with the magnetic suscepti-
bility and nuclear magnetic resonance measurements, i. e. Fe alloying addition preferentially
but not exclusively occupy the site of stoichiometrically deficient host element (Anderson et
al. 1999). The site selectivity of Fe alloying addition has been presented as the functions of
stoichiometry and temperature by a variety of theoretical studies, but the results are not in
quantitative agreement with each other and with the experiment data (Fu and Zou 1996,
Bozzolo et al. 2000, Song et al. 2001, Bozzolo et al. 2002).
      It might be helpful to compare the mass density of Al-rich crystal C measured by hydro-
static weighing with those calculated according to two extreme assumptions, i. e. Fe occupies
exclusively Ni site versus Fe avoids occupying Ni sites. If 1 and 2 represent the mass densi-
ties calculated based on the assumptions that Fe atoms occupy exclusively Ni and Al sublat-
tice sites, respectively, then 1 and 2 are related to a, ANic , 
A
Fec and 
A
Alc  according to the fol-
lowing two equations,
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The calculated results along with the measured density are listed in Table 3.3. In the table,
N.C. and E.C. indicate that the calculation is based on nominal and EPMA compositions, re-
spectively, while H.W. stands for hydrostatic weighing. The error is around 210-3 g/cm3 for
1 and 2, if the difference between the nominal and the EPMA compositions is taken as the
compositional deviation. Consequently, a case in favour of the preferential of Ni sites seems
being established for Fe atoms in Al-rich phase. Nevertheless, the real situation might be far
more complicated than these extreme and rather simplified models. For instance, Al atoms
might occupy Ni sites following the rigid sphere approach, and a cluster different from CsCl
structure might form around Fe atoms as indicated by the EXAFS measurement performed by
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Meyer et al. (1998). In any case, the combined lattice parameter and mass density measure-
ments suggest that a preference of Ni site would be a better choice if one has to choose be-
tween these two extreme models.
Table 3.3 Calculated and measured mass densities for crystal C (g/cm3)
1 2 
N.C. E.C. N.C. E.C. H.W.
5.9084 5.8910 5.8848 5.8781 5.8957
      The combined lattice parameter and mass density measurements are not very helpful con-
cerning the site selectivity of Fe atoms in Al-deficient phase. Actually the occupancy of Fe
atoms makes no significant difference in a and , whether on Al sites or on Ni sites. In gen-
eral, the approach is effective for the revelation of the unit cell contents, but is rather handi-
capped for the determination of the site occupancy. Specifically, NAl, NNi, and NV, but not aVN ,
b
VN , 
a
NiN , 
b
NiN , 
a
AlN , and 
b
AlN , can be well determined from a and . Nevertheless, the
evaluation of the unit cell content has set a good starting point for further X-ray structure
analysis that is the topic of the next chapter.
4. Structure refinement with the back reflection Laue method
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4. Structure refinement with the back reflection Laue method
4.1 Characteristics of the Laue method
4.1.1 Laue method; an antique method for crystal structure analysis?
      Historically, the era of modern X-ray crystallography began with the discovery of X-ray
diffraction by a chalcanthite (CuSO45H2O) and a zinc blende (ZnS) single crystal in 1912.
The experiment, which led to the discovery, was initiated by von Laue, carried out by
Friedrich and Knipping, and brilliantly interpreted by von Laue (Laue 1912/1952, Friedrich et
al. 1912/1952). The experimental procedure was thereafter known as the Laue method. Tech-
nically, the Laue method is distinct from the later developed monochromatic X-ray diffraction
methods in the following two aspects. Firstly, a beam of polychromatic or ‘white’ X-rays is
applied for carrying out diffraction experiment. Secondly, both crystal sample and area detec-
tor are kept stationary for recording Laue diagram.
      Because the crystal sample is held stationary with respect to the primary X-ray beam and
the area detector, the ‘white’ X-ray beam is then incident upon a certain family of lattice
planes at a certain angle. Following the reflection law, the outgoing direction and the Bragg
angle are uniquely defined for a certain reflection by the primary beam direction and the corre-
sponding lattice plane normal. When the reflected X-rays are subsequently registered by the
area detector, a unique reflection spot is formed on the Laue diagram. In other words, there
exists a one-to-one correspondence between a reflection spot and a family of lattice planes,
and a Laue diagram presents a unique map of orientation of lattice planes. Therefore the Laue
method is widely used for determining crystal orientation and identifying internal symmetry.
      Because the Bragg angle  is uniquely defined for a reflection from a set of parallel lattice
planes of interplanar spacing d and the Bragg equation
2dsin = nn (4.1a)
has to be satisfied for the reflection of the nth order, the wavelengths of the reflected X-rays
form a discrete series n which is defined as 
1 = 2dsin ,            (4.1b)
n = 1/n. (4.1c)
In addition, the following inequalities have to be generally satisfied for the nth order reflection
to be registered
1 /max  nmin  n  nmax  1 /min  (4.2a)
nmin  1,            (4.2b)
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where min and max are the lower and upper wavelength limits of the incident X-ray contin-
uum, nmin and nmax are the lowest and the highest orders of Bragg reflections from the corre-
sponding lattice planes.
      According to Eqs. (4.1a), (b) and (c), the reflections of different orders n, or the so-called
harmonics are overlapped onto one single reflection spot on the Laue diagram. As the har-
monics correspond to X-rays of different wavelengths and thereafter of different photon ener-
gies, harmonic overlap is also known as energy overlap. Because the energy overlap can not
be resolved by existing area detectors used for recording Laue diagram, the concerned struc-
ture factors can not be generally deduced from the intensity of an arbitrarily chosen reflection
spot. Therefore in the field of crystal structure analysis the Laue method has for long been
regarded as a rather antique method and virtually left in a half-forgotten corner ever since the
development of various monochromatic X-ray diffraction methods.
      However, the relationship between the structure factor and the reflection intensity inte-
grated by the Laue method, which is fundamental for the method to be applied in the field of
crystal structure analysis, has been well established by substantial theoretical researches (De-
bye 1914, Zachariasen 1945, Buras and Gerward 1975, Kalman 1979, Gonschorek 1983,
Rabinovich and Lourie 1987, Lange 1995). The early development, including the application
to crystal structure analysis, was summarised in Schiebold’s 1932 monograph. The later de-
velopment, especially on the application for studying diffuse scattering, was detailed by Amo-
ros et al. (1975). The latest development centred on the application to time-resolved crystal
structure analysis was recently reviewed by Z. Ren et al. (1999), and it has been concluded
that the Laue method, instead of being out of date, is just coming of age for crystal structure
analysis.
      In the next section, a further clarification on the features of the Laue method shall help to
demonstrate that the method presents irreplaceable advantages for characterising the influence
of high temperature creep upon the structure of -NiAl single crystals.
4.1.2 Characterisation of the Laue method by the Ewald construction
      The characteristics of the Laue method can be further clarified by a visual illustration
known as Ewald construction, and a simplified two-dimensional Ewald construction is drawn
in Fig. 4.1. Importantly a series of Ewald spheres (circles in the two-dimension case) is in-
volved in the Ewald construction for illustrating the Laue method and the radii of Ewald
spheres range between 1/max and 1/min, which is due to the polychromatic nature of the Laue
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method and is in accordance with the wavelength range of the incident X-ray continuum be-
tween min and max. More specifically, the Ewald construction is so established that the inci-
dent X-ray beam is set to coincide with the diameter of the Ewald sphere and the origin of the
reciprocal lattice O is set at the end of the diameter. Therefore O is the common point of tan-
gency of all Ewald spheres.
Fig. 4.1 Ewald construction for illustrating the Laue method
      The reciprocal lattice drawn in Fig. 4.1 is a [01] oriented simple square lattice. The shad-
owed blue circle around the reciprocal lattice node schematically represents a diffused region
due to imperfections in direct lattice, e. g. a random distribution of point defects, but this vis-
ual presentation of the reciprocal lattice might be oversimplified or exaggerated. Nevertheless,
although the actual type of the reciprocal lattice might be different from the cubic (square in
two-dimensional case) system and the actual form of the diffused region is normally too com-
plicated to be visually presented by a simple illustration as shown in Fig 4.1, Fig. 4.1 does
indicate that an integrated region of the reciprocal space can be scanned simultaneously and
continuously by the Laue method, no matter whether the reciprocal lattice is of cubic system
and whether the diffused region is of circle form. Moreover, the mapping of the reciprocal
space is not going to be distorted by the movement of crystal sample and area detector, as both
are held stationary. Consequently the Laue method is suited not only for the determination of
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crystal orientation but also for the study of lattice imperfection and disorder, and has been
applied for characterising mosaic structure and diffuse scattering (Calnan 1952, Amoros et al.
1975, Gibaud et al. 1997, Zhang et al. 1997a, b).
      For a Bragg reflection to be registered on the Laue pattern, the corresponding reciprocal
vector H must end on an Ewald sphere of radius between 1/max and 1/min. In addition, the
amplitude H of the reciprocal vector H must be within a certain limitation Hmax, i. e. the lattice
spacing d = 1/H must be above a certain threshold value dmin. In this sense, dmin = 1/Hmax is
often considered as the experimental resolution for the concerned Laue pattern. On the Ewald
construction, this additional limitation on H is represented by a sphere of radius Hmax = 1/dmin
centred at the origin of the reciprocal space O. In principle, only for those reciprocal lattice
nodes located within the limiting spheres, e. g. the yellow region in Fig. 4.1, the correspond-
ing Bragg reflections can possibly emit from the crystal sample. Moreover, only when the
emittance of the reflected X-ray beam is within the acceptance of the area detector, the Bragg
reflection can be possibly registered.
      The strong K characteristic radiation is represented by an Ewald sphere of radius 1/K.
When a reciprocal lattice node accidentally locates on or near to this sphere, the corresponding
Bragg reflection should be abnormally strong and can be readily recognised on the Laue dia-
gram, e. g., the spots of indices 227 and its equivalents on the Laue patterns shown in Fig. 4.2
(a), (b), and (c). Such abnormally strong spots are sometimes called Bragg spots (Amoros et
al. 1975). Evidently, the lattice parameter might be approximately estimated from the Bragg
angle  and the indices hkl of the Bragg spot, because the wavelength K is known. However,
it is difficult to accurately determine the lattice parameter from an arbitrary Laue pattern, be-
cause the Bragg spot is registered only by chance but not for certain and because the corre-
sponding wavelength is normally near but not exactly equal to K. The existence of strong
characteristic radiation might also be helpful for the mapping of diffused region, because the
otherwise faint diffuse scattering might be strong enough to overcome the background if the
diffused region is properly located on the Ewald sphere of radius 1/K (Amoros et al. 1975).
      In order to make the illustration more representative of the real situation, Fig. 4.1 is plot-
ted based on the normal experimental setting for recording back reflection Laue patterns on
the STOE IPDS. Specifically, the sphere radii are scaled in accordance with min, K, max
and Hmax equal to 0.3 Å, 0.7 Å, 3 Å and 4 Å-1, respectively. For the sake of clarity, the number
of the reciprocal lattice nodes is purposely reduced by scaling the parameter of the square lat-
tice up to 0.7 Å-1, approximately twice the reciprocal lattice parameter of -NiAl. Although
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the number of reciprocal lattice nodes is reduced by a factor of 4 in the two-dimensional illus-
trations, there are still quite a few nodes located inside the yellow region in Fig. 4.1. In prac-
tice, about 200 Bragg reflections can be simultaneously registered within minutes on a back
reflection Laue pattern of -NiAl single crystal sample. Furthermore, when the Laue method
is associated with a strong X-ray source such as synchrotron radiation, a sufficient amount of
Bragg reflections can be collected within sub-microsecond, which is an important feature of
the Laue method and the main attraction for the time-resolved crystal structure analysis (Z.
Ren et al. 1999).
      However, other features related to the polychromatic nature of the Laue method are not in
favour of structure analysis. Firstly, the diameters of Ewald spheres are not constant for all
reciprocal lattice nodes, and the wavelengths of reflected X-rays are not constant for all Bragg
reflections. Secondly, the diameter of Ewald sphere and the corresponding X-ray wavelength
are impossible to be accurately evaluated for each Bragg reflection if the dimension of the
reciprocal lattice is unknown. Thirdly, the spectral intensity of the incident X-ray beam gener-
ated by an X-ray tube is not constant with wavelength, nor is intensity attenuation en route
from X-ray tube to crystal sample to area detector, nor is response of area detector. These
features seem to pose formidable obstacles to the reduction of intensity data collected by the
Laue method.
      Nevertheless, the obstacles can all be by-passed or removed. Although the lattice parame-
ter can not be accurately determined from an arbitrary Laue pattern, a single exposure method
described in the last chapter can be applied to determine the lattice parameter from the Kossel
pattern. Subsequently, each reciprocal lattice node can be located accurately within the
framework of the Ewald construction. In consequence, the diameter of the Ewald sphere and
the wavelength of the diffracted X-rays can be accurately determined for each Bragg reflec-
tion. In addition, the X-ray attenuation coefficients have been tabulated with respected to the
X-ray wavelengths for almost all elements and a variety of materials (Creagh and Hubbell
1992, Hubbell and Seltzer 1997), therefore the attenuation effect can be individually evaluated
for each Bragg reflection of known X-ray wavelength. Furthermore, the yield of blue fluores-
cence from IP can be more accurately quantified in comparison with the blackening of X-ray
film in response to the X-ray radiation (Amemiya et al. 1988, Whiting et al. 1988, Ito and
Amemiya 1991, Templer 1991, Amemiya 1995). Lastly, the properties of the continuous
spectrum generated by an X-ray tube, e. g. the spectral intensity and the polarisation have been
well characterised by extensive theoretical and experimental studies (Kirkpatrick and
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Wiedmann 1945, Compton and Allison 1954, Birks 1969, Dyson 1973). In summary, afore-
cited problems, though have limited the application of the Laue method in the field of crystal
structure analysis for a long time, are rather technical maters and can all be solved by experi-
mental, theoretical, and computational means.
4.1.3 Single and multiple
      As a unique feature of the Laue method, the energy overlap can also be further character-
ised by the mean of Ewald construction. In general, the Bragg reflections corresponding to the
reciprocal lattice nodes located on a row starting at the origin of the reciprocal lattice O, e. g.
the nodes located at the ends of the reciprocal vectors H12 and H24 shown in Fig. 4.1, are in
the same direction and thus encounter with the area detector at the same position. Moreover,
the nth order reflection corresponds to the nth node from O, and the translational periodicity of
the lattice leads to n = 1/n. However, the multiplicity of a Laue spot, or the number of re-
flections actually overlapped onto one single spot, does not go infinite. Specifically, the high-
est order nmax is limited by Hmax and min, while the lowest order nmin is limited by max as
demonstrated in Fig. 4.1. Consequently, the multiplicity m of a specific reflection spot is a
finite number and can be determined with m = nmax  nmin + 1, provided that Hmax, min, max,
the lattice parameters and the crystal orientation are known.
      A simple visual observation of Fig. 4.1 states that many potential Laue spots are effec-
tively associated with only one single reciprocal lattice node, e. g. the reflection spot corre-
sponding to reciprocal vector H14. In fact, it has been generally proven that only about 17 %
reflection spots on a random Laue diagram are energetically overlapped (Cruickshank et al
1987). On the other hand, as the overlapped spot corresponds to the reciprocal lattice nodes on
a row which passes through O, the energy overlap is more likely to be associated with a row of
relatively shorter translation period, i. e. of shorter distance between neighbouring nodes, or to
be associated with a family of lattice planes of large interplanar spacing, i. e. of lower Miller
indices.
      The following points can now be summarised:
      1. Most reflection spots on a Laue diagram are not affected by energy overlap and the non-
overlapped spot is termed single. Therefore the corresponding structure factor can be readily
deduced from the intensity of the single and the structure refinement can be carried out ac-
cordingly.
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2. The Bragg reflection of low indices h k l (h k l mutually prime) and its harmonics of in-
dices nh nk nl are likely superimposed on one single reflection spot and the overlapped spot is
termed multiple. The corresponding structure factors are impossible to be deduced from the
intensity of the multiple if the energy overlap has not been properly resolved.
3. The multiplicity of a multiple is a finite number. Therefore it is in principle not impos-
sible to resolve the energy overlap. In fact, experimental and theoretical methods have been
developed for performing multiple deconvolution, but most methods are rather complicated
and yet lack generality. A simple and general solution, e. g. an energy-resolved area detector
ideal for recording Laue diagram is still in search (Arndt, 1986, Helliwell et al 1989, Campbell
and Hao 1993, Hao et al. 1993, Ren and Moffat 1995a, b, Bourenkov, 1996).
4.1.4 Laue method; a unique and versatile X-ray diffraction method
      The Laue method is a unique X-ray diffraction method because it is the only method that
scans the reciprocal space using polychromatic X-rays. On one hand, due to its unique poly-
chromatic nature, its application in the popular field of crystal structure analysis is rather lim-
ited. On the other hand, also due to its unique polychromatic nature, it has been playing active
roles in a variety of research areas and is recently becoming attractive for time-resolved crystal
structure analysis. In short, it has a special position for the study of crystal materials, although
it is not a method particularly suited for collecting intensity data. As the oldest X-ray diffrac-
tion method, its application has been continuously extended into new areas, and it still keeps
pace with the rapid development of X-ray crystallography.
      The Laue method is also a versatile method because it is suited for carrying out a variety
of crystallographic investigations on a variety of crystal materials. Firstly, it is almost an in-
dispensable method for determining the orientation of an arbitrarily oriented bulk crystal and
subsequently preparing a sample of desired orientation from it, which has been typically dem-
onstrated by the preparation of [001] oriented creep samples from -NiAl and -NiAl(Fe)
single crystals as described in Section 2.1. Secondly, it is a method well suited for identifying
crystal imperfection and studying lattice disorder. For the plastically deformed -NiAl and -
NiAl(Fe) single crystal samples, the survey of lattice imperfection is of vital importance for
determining lattice parameters with the Kossel technique as already being discussed in Sec-
tion 3.3.2 and for collecting intensity data with the Laue method as to be discussed in the next
section. Thirdly, it is probably the only method that enables a large amount of Bragg reflec-
tions to be registered within a short time, which is especially attractive for time-resolved
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crystal structure analysis. The difficulties in reducing structure factor from integrated reflec-
tion intensity seem to be overwhelming, but most problems can be readily solved by theoreti-
cal, experimental and computational means, e. g. the lattice parameter can be determined by
Kossel technique and the attenuation to the X-ray radiation can be calculated after knowing
the wavelength and the passage. The so-called energy overlap stands as a major obstacle and
can not be completely resolved by existing techniques. However, most reflection spots on an
arbitrary Laue pattern are due to diffraction of X-rays of effectively single photon energy.
Therefore the structure refinement can be based on the intensity data collected by the Laue
method.
      The versatility of the Laue method is also demonstrated by the fact that the Laue diagram
can be recorded in either transmission or back reflection mode. Consequently, it is not neces-
sary to make the crystal sample transparent to the X-ray radiation. The investigations on crys-
tal orientation, lattice imperfection and crystal structure can all be carried out in the non-
destructive manner. Importantly, the orientation deviation, the lattice imperfection and the
structure difference recognised from analysing the back reflection Laue patterns recorded be-
fore and after high temperature creep test can be attributed to the creep test itself. Otherwise
the effect of the destructive sample preparation processes which are inevitable for carrying out
most other monochromatic X-ray diffraction measurements can never be completely avoided.
      In conclusion, the Laue method, a unique and versatile X-ray diffraction method, is well
suited for characterising the influence of high temperature creep upon the structure of -NiAl
and -NiAl(Fe) single crystals.
4.2 Recording of Laue pattern for collecting intensity data
4.2.1 Optimal experimental setting
      Generally speaking, the Laue method requires very simple instrumentation in comparison
with what is necessary for practising most other X-ray diffraction methods. Specifically, the
equipment for recording back reflection Laue pattern (BRLP) on the STOE IPDS are almost
the same as what is described in Section 3.3.2 for recording back reflection Kossel pattern,
while the main difference in experimental setting is the high voltage applied across the X-ray
tube.
      If the Laue pattern is to be recorded for the purpose of collecting intensity data and subse-
quently performing structure refinement, it would be desirable that the Laue pattern would
have registered the largest amount of Bragg reflections of the highest signal-to-background
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ratio within the shortest time. In practice, after weighing the advantages and disadvantages and
balancing the relevant factors such as the total number of reflection spots including singles
and multiples, the signal-to-background ratio and the exposure time, the optimal experimental
setting might be approached.
      In principle, the appearance of a Laue pattern is determined by three groups of parameters,
namely the X-ray beam parameters, e. g. the collimation, the cross section, the spectral distri-
bution and the polarisation of the incident beam; the crystallographic parameters, e. g. the lat-
tice parameter and the crystal orientation; and the camera parameters, e. g. the type, the di-
mension and the positioning of the area detector. However, on the STOE IPDS, only a few
parameters can be effectively adjusted for recording Laue pattern. Firstly, most crystallo-
graphic parameters are evidently not adjustable. In fact the main aim of recording BRLP is to
collect intensity data, perform structure refinement, and determine some crystallographic pa-
rameters. Although the crystal orientation can be adjusted within a certain limit for recording
BRLP, the sample should nonetheless be so oriented that the exposed surface is normal to the
incident X-ray beam, because such an arrangement enables the attenuation to the intensities of
both incident and reflected beams to be evaluated accurately for the reduction of intensity data
as discussed later in Section 4.5.2. Secondly, an alternative IP of type other than the existing
IP is still not available for recording BRLP on the STOE IPDS, and the sample is normally
placed at the nearest possible distance from the IP in order to register the maximum amount of
Bragg reflections on one single Laue diagram. In short, the camera parameters are effectively
fixed. Finally, there seems to be only one group of parameters that are left to be adjusted for
recording desirable BRLP, i. e. the parameters that define the incident X-ray beam.
      When the incident beam is generated from an X-ray tube, the properties of the beam are
largely determined by the target material of the tube and the high voltage applied across the
tube. For instance, the intensity of ‘white’ X-ray radiation has been proved to be proportional
to the atomic number of the target material and to the square of the applied high voltage, while
the intensity ratio between characteristic and continuous radiation has been observed rising up
shortly after the applied voltage crosses over a threshold corresponding to the absorption edge
(Compton and Allison 1954, Birks 1969, Dyson 1973). Apparently, two factors, i. e. the target
material and the applied high voltage, need to be further discussed.
      On a Laue diagram, the background may in principle be attributed to the incoherent
Compton scattering of the incident X-rays by the crystal sample and the fluorescence radiation
emitted from the compositional atoms of the crystal sample. As the line intensity of the char
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acteristic radiation could be much stronger than the corresponding spectral intensity of the
‘white’ radiation, a significant level of background may be attributed to the incoherent scat-
tering of characteristic radiation. On the other hand, very few reflection spots might result
from the accidental diffraction of characteristic X-rays. Consequently the presence of charac-
teristic components is in principle not desirable for recording Laue pattern. Therefore an X-ray
tube with a target made of material of high atomic number, e. g. W target X-ray tube, would
be ideal for recording Laue pattern, because an intense ‘white’ X-ray beam without character-
istic components can be generated by operating such a tube at a relatively higher voltage in
comparison with what can be applied across a tube of target material of lower atomic number.
Nevertheless, there are also advantages when the characteristic components present together
with the continuous spectrum. Firstly, the Laue method and the monochromatic X-ray diffrac-
tion method, e. g. the rotation crystal method, can be performed with one single X-ray tube
which generates both continuous spectrum and characteristic lines. For instance, a Siemens
Mo target X-ray tube is shared for recording polychromatic Laue pattern in the back reflection
chamber and for recording monochromatic diffraction pattern of a rotating crystal in the
transmission chamber as shown in Fig. 3.3, and there is no extra trouble to alter the X-ray tube
and to re-align the X-ray beam for performing these two different X-ray diffraction tech-
niques. Secondly, the strong Bragg spots due to the accidental diffraction of characteristic
lines by certain families of lattice planes deliver useful information, e. g., an approximate lat-
tice parameter might be estimated from the Bragg angle and the indices of the Bragg spot.
Thirdly, the diffuse scattering that is normally too faint to be distinguished from the back-
ground might be effectively recognised on the Laue pattern if the diffused region is properly
mapped by the strong characteristic X-rays. Lastly, although the presence of strong character-
istic component does cause a significant level of background, the total background is in gen-
eral distributed smoothly over the whole IP and the background distribution can be approxi-
mately described as a plane over a small region of the IP. Subsequently, the background dis-
tribution over a reflection spot can be well estimated, and the reflection intensity can be cal-
culated by subtracting the background intensity from the total intensity. In any case, the char-
acteristic lines can be subdued or even completely removed by reducing the high voltage
across the X-ray tube. In conclusion, the Mo X-ray tube is a practical choice for recording
Laue pattern on the STOE IPDS.
      The high voltage U across the X-ray tube is the most important parameter for recording
BRLP on the STOE IPDS. Firstly, the form of continuous spectrum is mainly determined by U
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(Dyson 1973). In particular, the lower wavelength limit min of the continuous spectrum is
solely determined by U according to min(Å) = 12.398250/U(kV) (Arndt 1992a), i. e. 1/min,
the radius of the outer Ewald sphere shown in Fig. 4.1 is proportional to U. Therefore the total
number of Bragg reflections and the multiplicity of some multiples can be controlled by ad-
justing U, at least to some extent. Secondly, the intensity of the incident beam is approxi-
mately proportional to U2. Hence both the reflection intensity and the background level can be
more effectively controlled by changing U rather than by changing exposure time. Thirdly, the
ratio between the intensity of Mo K line and the spectral intensity at the corresponding
wavelength decreases with the decreasing U (Dyson 1973), and the efficiency of exciting Ni
K fluorescence depends also on U as discussed in Section 3.3.2. In consequence, two leading
background contributors, namely the incoherent scattering of Mo K characteristic radiation
by the sample and the emitting of Ni K fluorescence from the sample can also be controlled
by adjusting U, or even be completely eliminated by setting U under 20.00 kV and 8.33 kV,
respectively. However, U is not the only factor that affects the appearance of a Laue pattern.
For example, the total number of Bragg reflections registered on a Laue pattern is also limited
by the experimental resolution which is represented by a circle of radius Hmax = 1/dmin in Fig.
4.1, while Hmax has been empirically set to be approximately equal to 10/a for the BRLPs of -
NiAl single crystals recorded on the STOE IPDS with a standing for lattice parameter. As a
matter of fact, the number of Bragg reflections registered on a Laue pattern does increase sig-
nificantly when U rises up from 7.8 kV, the minimum output voltage of the X-ray generator,
to 20 kV, the voltage approximately corresponding to 1/min = Hmax/2. Nevertheless, the in-
crement on the number of Bragg reflections slows down when U rises further up from 20 kV,
and then effectively comes to a halt when U increases much higher than 30 kV. On the other
hand, both the background level and the reflection intensity increase unilaterally with in-
creasing U over the whole adjustment range of the X-ray generator from 7.8 to 60 kV, but the
former increases more significantly than the latter. In general, the highest possible U ensures
the maximum number of Bragg reflections to be registered within the shortest time, but causes
also the highest background level. In short, U can be purposely chosen for recording a desir-
able Laue pattern. For instance, U has to be set low if the background has to be kept at a low
level, whereas U can be set high if the crystal orientation is the only concern. When a Laue
pattern is recorded for collecting intensity data, U should not be set much higher than 30 kV
because the Laue pattern would register no extra Bragg reflection but higher background level,
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and U should neither set much lower than 20 kV because the Laue pattern would register sig-
nificantly fewer Bragg reflections and yet require longer exposure time.
      Fig. 4.2 (a), (b), (c), and (d) show four BRLPs recorded prior to creep test with the same
sample from the binary Ni-rich single crystal B, while the high voltage across the Siemens Mo
X-ray tube is set at 50, 40, 30, and 20 kV, respectively. Because the Laue patterns are recorded
under otherwise identical experimental conditions, the differences among these four patterns
have to be attributed to the different voltages applied across the X-ray tube. The notations on
these four patterns are specified as follows: The multiples have been indicated by the mini-
mum indices hkl and the multiplicity m in form of hkl(m), and the abnormally strong Bragg
spots have been further indicated by a letter ‘B’ in form of hkl(m)B. However, it is not going
to be described now but later in Section 4.3 the image processing procedure including how the
multiples are recognised and how the multiplicities are determined.
      It is quite evident that the pattern (d) registers no Bragg spot and displays a relatively
lower background level, because the incident beam contains no characteristic component at
all. Moreover, fewer reflection spots are registered and some multiples are registered with
reduced multiplicities on the pattern (d), because the corresponding radius of the outer Ewald
sphere is significantly reduced when U is reduced from 50 kV to 20 kV. On the other hand, it
is also evident that the total numbers of reflection spots registered on the patterns shown in
Fig. 4.2 (a), (b), and (c) are comparable, though not exactly the same. Further analysis sug-
gests that the number of multiples and the multiplicities of multiples remain unchanged for
patterns (a), (b), and (c). Consequently, the total numbers of singles registered on these three
patterns are also similar. However, a quantitative analysis states that both the level of back-
ground and the intensity of Bragg spots decrease significantly while the ratio between the spot
intensity and the back ground level increases marginally from (a) to (b) to (c), as the Mo K
line intensity, the spectral intensity, and the ratio between the line intensity and spectral inten-
sity decrease when U decreases from 50 to 40 to 30 kV. In general, if U shall be decreased
from U1 to U2 in order to keep the background at a low level and yet the spot intensity and the
statistical uncertainty shall be maintained, then the exposure time TE needs to be extended
from TE1 to TE2 according to the following relationship
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Specifically, T has to be increased almost by a factor of 3 when U is decreased from 50 kV to
30 kV. Empirically U is set at 40 kV which caters for a reasonable balance between factors
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such as the total number of singles, the background level, the exposure time, and the capacity
of the X-ray generator.
4. Structure refinement with the back reflection Laue method

66
Fig. 4.2 Laue patterns recorded before creep with different U applied across the tube
(a) U = 50 kV, (b) U=40 kV, (c) U=30 kV and (d) U=20kV
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4.2.2 Laue asterism and high temperature creep
      In contrast to the rather monotonic Laue patterns recorded before high temperature creep
test, the Laue patterns of plastically deformed samples are full of variations, e. g. a variety of
Laue patterns shown in Fig. 4.3. These patterns are recorded during the survey of lattice im-
perfection of a sample that is prepared from the Ni-rich binary crystal B and then compressed
along [001] direction at 1673 K. The pattern shown in Fig. 4. 3 (a) displays an evident devia-
tion from the original [001] orientation, nonetheless the sharp reflection spots indicates that
the crystal lattice within the irradiated region is not strongly distorted. However, for most Laue
patterns recorded after high temperature creep test, the reflection spots are elongated, split,
and blurred as typically demonstrated in Fig. 4.3 (b) to (h). The phenomenon is commonly
associated with plastic deformation and is sometimes known also as Laue asterism, a term
arising from the streaky profile of reflection spot.
      The origin of Laue asterism has been controversially attributed to local curvature of slip
planes, or to macroscopic bending of crystal sample, or to polygonization. Anyway, the
asterism can in general be interpreted as the diffraction of X-rays by a sample composed of
crystallites which are in different orientation. Moreover, when the crystallites are formed
during plastic deformation, e. g. the uniaxial compression creep test, the orientation spread can
often be described by a lattice rotation around a single axis which is sometimes known as
Taylor axis. In other words, either the curvature, or the bending, or the polygonization is
frequently observed to be around one single Taylor axis. Importantly, the Taylor axis is
recognised to be closely associated with the slip system of the deformed crystal sample, i. e., it
lies on the slip plane and perpendicular to the slip direction (Taylor 1928, Barrett 1940, Cahn
1951). Therefore it is of significance for the study of the deformation property that the lattice
rotation around a single axis can be verified and subsequently the rotation axis, i. e. the Taylor
axis, can be identified from the back reflection Laue pattern non-destructively.
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Fig. 4.3 Laue patterns recorded after creep
Laue asterism in (b)-(h) indicates a lattice rotation dominantly around a [100] Taylor axis
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      The Taylor axes deduced from the Laue patterns have been successfully related to the acti-
vated slip systems of the plastically deformed -NiAl single crystals (Fraser et al. 1973c,
Forbes et al 1993, Zhang et al. 1997a, b). Among all previous studies on the deformation be-
haviour of -NiAl single crystals, the study on the tensile and compression deformation of
[001] oriented -NiAl single crystals between 1123 and 1473 K (Forbes et al. 1993, 1996) is
most relevant and comparable to this study. Specifically a single [100] rotation axis is ob-
served after deformation between 1123 and 1473 K, which is considered as an evidence in
support of the activation of two conjugated [011]( 101 ) and [ 101 ](011) slip systems and the
exclusion of other two conjugated [101]( 110 ) and [ 110 ](101) slip systems. Moreover, the
activation of the latter two slip systems is presumably hindered by the latent hardening due to
the actual activation of the former two slip systems (Forbes et al. 1993). Although the obser-
vation of <011>{011} slip systems has been reported for the high temperature plastic defor-
mation of <001> oriented -NiAl single crystals (Pascoe and Newey 1968b, Bevk et al. 1973,
Field et al. 1991a, b), neither b=[011] nor b=[ 101 ] dislocation is directly confirmed by TEM
investigation but instead, a regular array of b=[001] and b=[010] dislocations is observed at
the grain boundary. According to a model proposed by Forbes et al., the formation of the dis-
location network is resulted from the glide and decomposition of b=[011] and b=[ 101 ] dislo-
cations, because the network of b=[001] and b=[010] dislocations is energetically favourable.
Additionally the relative lattice rotation is around [100] axis if the neighbouring grains are
bounded by the b=<001> dislocation networks (Forbes et al. 1993, Glatzel et al. 1993).
      For [001] oriented -NiAl single crystal samples deformed between 1473 and 1673 K by
compression creep test, most BRLPs indicate one single [100] rotation axis, which is typically
manifested by the prominent dispersion along [100] zone lines as shown in Fig. 4.3 (b)-(h). A
substantial TEM investigation confirms that the deformed -NiAl single crystal samples are
composed of subgrains of size ranging between 30 to 100 m and that the neighbouring sub-
grains are often bounded by a regular dislocation array composed of b=[001] and b=[010]
dislocations. Therefore, the [100] Taylor axis can also be related to the glide and decomposi-
tion of b=[011] and b=[ 110 ] dislocations as suggested by Forbes et al. (1993) and Glatzel et
al. (1993). Moreover, in close analogy to creep between 1123 and 1473 K, the creep between
1473 K and 1673 K is  likely to occur by the glide of two b=<011> but not other two
b=<101> dislocations, as b=[100] dislocations are not observed. Because of the lower mobil-
ity of b=<011> dislocations in comparison with that of b=<001> dislocations and because of
the development of the observed subgrain structure which is not so prominent for the defor
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mation of ‘soft’ or non-[001] oriented samples, the [001] oriented samples exhibit higher
strength (Forbes et al. 1993, 1996, Werker 1997). Furthermore, the climbing of b=<001> dis-
location has been reported to be an active process for the high temperature deformation of
‘hard’ oriented -NiAl single crystal samples (Fraser et al. 1973a, c, Field et al. 1991a, b,
Forbes et al. 1993, 1996), and the parallel b=[001] dislocations are observed at some grain
boundaries by a comprehensive TEM investigation (U. Krämer 1999, private communication).
In conclusion, the high temperature creep of ‘hard’ oriented -NiAl single crystal can be gen-
erally attributed to the glide of b=<011> dislocations and the climbing of b=<001> disloca-
tions.
4.2.3 Recording of Laue pattern for collecting intensity data
      The reflection intensity can be readily integrated from a Laue pattern recorded before de-
formation, as the profile of Laue spot is well defined and not overlapped with each other.
However, for a Laue pattern recorded after creep test, the proper integration of reflection in-
tensity can not be taken for granted. In most cases, the dispersion of otherwise sharp Bragg
reflection not only makes many spots too faint to be distinguished from the background but
also causes some spots to interweave with each other, especially for those spots located on the
[100] zone, while some typical examples are shown in Fig. 4.3 (d)-(g). Nevertheless, on some
Laue patterns recorded after creep test, e. g. the Laue patterns shown in Fig. 4.3 (b) and (c),
the reflection profile is still well defined, though no longer sharp, and the spot intensity can
still be properly integrated. Exceptionally, a Laue pattern recorded after creep test registers
sharp Bragg reflections, e. g. the Laue pattern shown in Fig. 4.3 (a). Therefore, the key to the
collection of intensity data and to the success of structure analysis lies in finding right posi-
tions for recording desirable Laue patterns, e. g. the patterns shown in Fig. 4.3 (a) to (c).
      The right position for recording suitable Laue pattern can be located by a thorough survey
of lattice imperfection using the Laue method itself. The survey shows that the probability of
encountering such a position is generally lower than 0.1. It is then understandable why it is a
difficult task to find a suitable crystallite (about 0.20.20.2 mm3) from the deformed sample
(about 336 mm3) for determining lattice parameter and collecting intensity data on the four-
circle diffractometer. Fortunately, unlike the irrecoverable process of preparing sample for the
measurement on the four-circle diffractometer, the survey of lattice imperfection with the back
reflection Laue method is a non-destructive procedure. Consequently the chance of finding
suitable positions for recording suitable Laue patterns is preserved and practically such posi
4. Structure refinement with the back reflection Laue method

74
tions can always be located, which is of vital importance not only for collecting intensity data
from the BRLP but also for determining lattice parameter from the back reflection Kossel
pattern.
      In summary, a thorough survey of lattice imperfection using the back reflection Laue
method is helpful in many aspects for characterising the crystal structure of [001] oriented
single crystal sample after high temperature creep test. The survey shows that the imperfection
introduced into the sample by the plastic deformation effectively reduces the size of the mo-
saic block that diffracts X-rays as a coherent domain. Moreover, the orientation difference
between neighbouring blocks can be well above 1°. However, the survey clearly indicates that
the mosaic spread is not due to a random orientation distribution but dominantly due to a lat-
tice rotation around a single [100] axis. The [100] Taylor axis is in accordance with the de-
formation mode proposed for the creep of [001] oriented -NiAl single crystals at tempera-
tures below 1473 K, i. e. the glide and decomposition of two b=<011> dislocations. After
taking the results of a separate TEM investigation into account, it can be conclude that the
mechanism of creep at higher temperature between 1473 and 1673 K is not fundamentally
changed. Furthermore, the proper integration of reflection intensity is largely limited by the
reduced size and the enhanced disorientation of coherent domains. Nevertheless, certain posi-
tions where the domain size is not significantly reduced and the domains are bounded by small
angle grain boundaries can always be located by the non-destructive survey. Therefore, the
intensity data can be collected from the Laue pattern recorded at such positions and the struc-
ture refinement can be performed accordingly.
4.3 Preliminary processing of Laue pattern
      In order to achieve the final goal of performing structure refinement, it is necessary to in-
tegrate the intensities of the reflections registered on the BRLP and to deduce the structure
factors from the integrated intensities. However, due to the polychromatic nature of the Laue
method, the Laue data reduction requires not only the integrated intensity but also the indices,
the Bragg angle, the position, the multiplicity, and the corresponding wavelength(s) for each
reflection spot. And the data processing procedure which gathers all information necessary for
the Laue data reduction has been considered as a preliminary data processing procedure for
Laue crystallography (Helliwell et al. 1989, Campbell 1995, Campbell et al. 1995, Z. Ren et
al. 1999).
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4.3.1 Preliminary processing of Laue pattern with LAUEGEN
      The preliminary processing of Laue pattern has been carried out with an X-window based
program LAUEGEN which incorporates functions for setting up parameters, displaying and
measuring Laue image, simulating Laue pattern, finding and refining crystal orientation, esti-
mating misfit between ideal and actual setting, improving soft limits min and dmin, determin-
ing spot size, and integrating spot intensity (Helliwell et al. 1989, Shrive et al. 1990, Green-
hough and Shrive 1994, Campbell 1995, Campbell et al. 1995, Hao et al. 1995).
      The development of the LAUEGEN program has been mainly aimed at processing Laue
image of macro molecular protein crystal recorded on a synchrotron radiation beam line.
Therefore caution has to be taken for processing BRLP of -NiAl single crystal recorded on
the IPDS, especially for the application of certain functions which rely upon statistical analysis
of a large amount of reflections, e. g. the determination of min and dmin from the intensity dis-
tributions (Hao et al. 1995).
4.3.2 The co-ordinate system for processing Laue pattern
      The processing of Laue data is based on the co-ordinate system illustrated in Fig. 4.4. At
first sight, the systems is different from the co-ordinate system for the processing of Kossel
data shown in Fig. 3.5 only in two aspects, i. e. a translation of origin from the centre of the IP
to the exposed point on the sample surface and a simple replacement of (xK, yK, zK) with (y, z,
x) where the subscripts K distinguish the co-ordinate system for processing Kossel data. And
it seems not necessary to introduce a new co-ordinate system for processing Laue data as both
Kossel and Laue patterns are recorded with the same equipment operated under nearly identi-
cal experimental conditions. Nevertheless, the differences in these two co-ordinate systems are
fundamentally related to how these two X-ray diffraction patterns are generated, and the es-
tablishment of two different co-ordinate systems is essential for the simplicity and conven-
ience of the data processing procedures.
      The starting points for the establishment of these two systems are different. Specifically,
the co-ordinate system for interpreting Kossel pattern is centred on the IP, i. e. the xK-yK plane
is set coincident with the IP and the origin is set at the centre of the IP, while the co-ordinate
system for interpreting Laue pattern is centred on the incident X-ray beam, i. e. the x axis is set
coincident with the incident beam and the origin O is set at the point where the beam encoun-
ters with the crystal sample. Moreover, the different starting points hinge essentially on the
different origins of Kossel and Laue patterns. On one hand, the Kossel pattern is not origi
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nated from diffraction of the primary X-ray beam but from diffraction of secondary character-
istic fluorescence excited by the primary beam. Consequently only where but not how the
primary X-ray beam hits upon the crystal sample is of importance for the interpretation of
Kossel pattern. On the other hand, the position of a reflection spot on a Laue pattern is directly
related to the outgoing direction of the reflected beam which is uniquely defined by the pri-
mary beam direction and the lattice plane normal. Consequently it is of utter importance for
the interpretation of Laue pattern to specify the position of the primary beam with respect to
the crystal sample and the IP.
Fig. 4.4 Co-ordinate system for interpreting Laue pattern
      If the primary X-ray beam could be exactly aligned to run perpendicularly through the
centre of the IP, then the co-ordinate transformation would consist of a simple translation of
origin and a simple replacement of (xK, yK, zK) with (y, z, x). Nevertheless, the deviation from
such an ideal alignment can never be completely eliminated because of the finite allowance of
the mechanical engineering of all concerned units, e. g. the monochromator and the IP. Al-
though the deviation is rather minor, xK is nonetheless not exactly parallel to y, neither yK to z,
nor zK to x. In consequence, the co-ordinate transformation involves complicated matrix cal-
culation instead of a simple replacement of (xK, yK, zK) with (y, z, x) or vice versa. In addition,
the displacement of the origin is parallel neither to zK nor to x. Therefore the centre of the
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Kossel pattern, i. e. the projection of the exposed point on the IP, the centre of the Laue pat-
tern C, i. e., the point where the primary beam intersects the IP (Campbell et al. 1995), and the
geometric centre of the IP, do not coincide with each other.
      By setting xK-yK plane parallel to the IP instead of setting zK axis coinciding with the pri-
mary beam for interpreting Kossel pattern, the complex formulisation for specifying the de-
viation from the ideal setting can be completely avoided, whereas by fixing the primary beam
coinciding with x axis and the exposed point at the origin O of the co-ordinate system instead
of letting them drift around while processing the Laue image, two important factors for inter-
preting Laue pattern, namely the orientation of crystal sample and the direction of reflected
beam can all be specified in simple and straightforward formulae. In conclusion, for the con-
venience of data processing and the simplicity of formulisation, the co-ordinate system shown
in Fig. 4.4, different from the system shown in Fig. 3.5, is applied for processing Laue data.
      However, for the sake of convenience, the measurement on the IP is performed with re-
spect to the co-ordinate system of the STOE readout program, i. e. the position on the IP is
specified by (xK, yK) for both Kossel and Laue data processing.
4.3.3 The parameters for processing Laue pattern
      The parameters which are important for processing Laue image of -NiAl single crystal
recorded on the IPDS might be classified into four categories:
      1. The parameters relating to the crystal sample, including the Bravais lattice type, the lat-
tice parameter, and the sample orientation.
      2. The parameters relating to the setting of the IPDS, including a 0° or a 180° tilt of de-
tector around z axis for recording transmission or back reflection Laue pattern, the crystal-to-
detector distance, the pixel size, the number of pixels along xK and yK direction of the IP co-
ordinate system, the IP dimension, and the misfit angles of the IP, i. e. a small twist around y
axis and an extra tilt around z axis.
      3. The so-called soft limits min, max, and dmin.
      4. The parameters relating to the specific Laue image, including the pattern centre and the
spot size.
      The parameters can also be classified into the following four categories:
      1. The parameters which are of constant values, e. g. the detector tilt for recording back
reflection Laue pattern, the pixel size, the number of pixels along xK and yK directions of the
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IP co-ordinate system, the radius of the IP, and the radius of the hole at the centre of the IP are
fixed to 180°, 0.15 mm, 1200, 90 mm, and 10 mm, respectively.
      2. The parameters which have already been determined beforehand by other means and are
virtually fixed but can be modified during the ongoing data processing procedure, e. g. the
CsCl type unit cell which is unanimously acknowledged by all previous studies and the cell
parameter which is determined by the Kossel technique.
      3. The parameters which shall be properly initialised for data processing and can be further
refined by the program, e. g., the pattern centre, the misfit angles of the IP, the spot size, the
crystal-to-detector distance, and the soft limits. Specifically, the pattern centre, the small twist
and tilt angles, the spot size, and the crystal-to-detector distance can be initialised with the
following values (0, 0), 0°, 0°, 0.5 mm, and 40.5 mm, respectively. Moreover, min can be cal-
culated from the applied voltage U according to min(Å) = 12.398250/U(kV) (Arndt 1992a),
while max is of the order of 3 Å because longer wavelengths are effectively eliminated from
the incident beam due to the absorption effect which is to be discussed in Section 4.5.2. Em-
pirically, dmin can be temporarily set to 0.3 Å.
      4. The parameters which are to be determined by the ongoing data processing procedure
but still need to be initialised, e. g. a  and b

 might be initially set parallel to z axis and y
axis, respectively.
4.3.4 Determination of crystal orientation
      The processing of BRLP recorded on the IPDS starts with transforming the format of pixel
intensity data file, i. e. the special TRA format adopted by the readout program of the STOE
IPDS has to be changed to the I2 format required by LAUEGEN (Campbell 1995, Campbell et
al. 1995). Afterwards the Laue pattern can be displayed on the computer monitor by the pro-
gram, and the measurement can be performed directly on the displayed Laue pattern. For in-
stance, the position of the so-called nodal spot that locates at the intersection of several
prominent zone lines can be measured by a simple click of mouse button. The crystal orienta-
tion can then be calculated according to the measured positions of nodal spots by the so-called
auto-indexing method, i. e. three rotation angles x, y, and z which specify the sequential
rotations about x, y, z axes starting from an initial orientation are calculated by matching the
measured positions with the calculated ones. Because a sufficient number of nodal spots, e. g.,
all marked multiples and their equivalents shown in Fig. 4.2 can be well located, because the
parameters important for predicting spot position, e. g., the crystal-to-detector distance can be
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properly set up, and further because the actual setting of the STOE IPDS deviates only mar-
ginally from the ideal setting, hence the sample orientation, i. e., the rotation angles x, y, and
z can be calculated with an accuracy better than 0.2 degree.
      After the preliminary determination of the crystal orientation, all Bragg reflections can
then be predicted within the framework of the Ewald construction established according to the
known unit cell parameter and the aforecited soft limits. Moreover, the positions of predicted
Bragg reflections can be initially calculated according to the ideal setting of the STOE IPDS, i.
e., the small twist angle around y axis y and the extra tilt angle around z axis z are set to 0°,
and the co-ordinates of the pattern centre (xc, yc) are set to (0, 0) with respect to the IP co-
ordinate system. Because the actual setting is near to the ideal setting, the predicated spots
shall all locate near to the actual spots. In consequence, the actual spot position can then be
located at the centre of gravity of a rectangular box which is of predefined length and width
and is centred around the predicted spot position. Subsequently, the crystal orientation and
other relevant parameters, e. g. the crystal-to-detector distance, the pattern centre, and the mis-
fit angles, can be refined through minimising the r.m.s deviation between the actual and the
predicted spot positions. The refinement might be proceeded as follows: The rotation angles
x, y, and z shall be refined at first. Then the refinement can include the crystal-to-detector
distance t, the pattern centre (xc, yc), and the misfit angles y and z step by step. Finally even
the unit cell parameters can be modified and refined. It is also better to start minimising the
r.m.s deviation with respect to the spots of lower indices at first, because spots of low indices
are normally more prominent and their positions are easier to be located. As the minimisation
procedure goes forward, the restriction on the indices can be relaxed step by step until all re-
flection spots are included.
      The initial r.m.s deviations are normally of the order of 0.22 mm and then can be reduced
to a value about 0.18 mm after the refinement of x, y, z, and t. A further reduction to 0.14
mm can be achieved after the refinement of xc and yc. Lastly y and z are refined, and the
final r.m.s deviations are around 0.09 mm and range between half to two-thirds of the pixel
size of the IP. The refined camera parameters t, xc, yc, y, and z, as well as the final r.m.s de-
viation r.m.s. are listed in Table 4.1. Accordingly the mean values and the standard deviations
are calculated and listed as follows: xc = 0.08  0.11mm, yc = 0.19  0.07mm, y = 0.39 
0.08°, z = 0.06  0.08°, and t = 40.62  0.12 mm. It is then evident that the misalignment of
the primary beam with respect to the IP is indeed minor. Most importantly, the final results of
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the parameter refinement are in principle independent of the refinement procedure. Therefore
it can be concluded that the parameter refinement is reliable.
Table 4.1 Refined camera parameters
sample xc (mm) yc (mm) y (10-2 °) z (10-2 °) t (mm) r.m.s. (mm)
A0 0.0374 0.1366 47.287 9.465 40.731 0.066
A1473 0.2321 0.1963 35.798 4.498 40.743 0.094
A1573 0.0408 0.0723 36.635 2.832 40.477 0.088
A1673 0.0166 0.2558 35.293 15.861 40.493 0.097
B0 0.0173 0.3102 33.929 12.366 40.721 0.084
B1473 0.0910 0.1592 37.538 9.364 40.646 0.088
B1573 0.1250 0.2160 34.838 4.456 40.463 0.109
B1673 0.1475 0.1550 40.735 0.338 40.799 0.097
C0 0.2445 0.2108 37.282 4.874 40.626 0.097
C1473 0.0385 0.1590 49.427 12.602 40.782 0.072
C1573 0.0575 0.2425 29.597 19.044 40.524 0.091
C1673 0.1291 0.1275 52.628 1.537 40.670 0.079
D0 0.1274 0.2557 33.766 0.973 40.714 0.091
D1473 0.0049 0.0876 51.557 6.792 40.571 0.070
D1573 0.1804 0.2401 27.143 16.971 40.440 0.105
D1673 0.2038 0.2064 45.873 7.914 40.568 0.082
      The success of parameter refinement can also be visually presented. On four Laue patterns
shown in Fig. 4.5 (a), (b), (c), and (d), the predicted spots are represented by crosses and are
apparently overlapped exactly upon the actual spots. The four patterns are recorded with four
different samples prepared from the same Ni-rich binary single crystal B, while one sample is
not deformed, and the other three are deformed at 1473 K, 1574 K, and 1673 K, respectively.
4.3.5 Does unit cell remain cubic after high temperature creep test?
      The parameter refinement can be proceeded further to involve the unit cell parameters.
However, the position of a Laue reflection depends on the orientation of the corresponding
lattice plane but not on the interplanar spacing. For the cubic system in particular, the orienta-
tional relationship between lattice planes is completely independent of the lattice parameter a.
Consequently, a can not be refined through minimising the r.m.s deviation between the actual
and the predicted spot positions. On the other hand, the deviation from the cubic system, e. g.
after high temperature creep deformation, will inevitably result in a different orientational
relationship between lattice planes and a different positional relationship between Laue re-
flections, therefore can be quantitatively specified when a general triclinic unit cell is assumed
and the lattice parameters are subsequently refined.
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Table 4.2 Refined unit cell parameters
sample b/a c/a  (°)  (°)  (°) r.m.s. (mm)
A0 1.0000 1.0000 89.999 90.005 89.995 0.066
A1473 0.9997 0.9997 89.999 90.000 89.984 0.090
A1573 1.0000 1.0000 89.999 90.000 89.999 0.084
A1673 0.9997 1.0000 89.996 90.000 89.998 0.095
B0 0.9994 0.9997 89.999 89.999 89.985 0.082
B1473 0.9997 1.0000 89.989 90.001 90.007 0.088
B1573 1.0000 1.0000 89.983 90.002 90.023 0.084
B1673 0.9997 1.0000 90.005 90.000 90.016 0.101
C0 1.0007 1.0003 90.004 90.002 90.012 0.097
C1473 1.0003 1.0003 89.995 90.000 90.009 0.065
C1573 0.9997 0.9997 90.016 90.015 90.050 0.083
C1673 0.9993 0.9997 89.989 90.005 90.016 0.078
D0 0.9997 1.0000 90.011 90.001 90.003 0.081
D1473 0.9997 1.0000 89.995 90.001 90.008 0.070
D1573 0.9997 0.9997 90.005 90.009 89.979 0.102
D1673 1.0000 1.0000 89.995 90.001 89.991 0.083
      A general triclinic unit cell is defined by six parameters a, b, c, , , and . Nevertheless,
the orientational relationship between lattice planes is uniquely defined by a:b:c, , , and  .
In other words, the positional relationship between Laue reflections is determined by the form
but not the size of the unit cell. In consequence, five instead of six parameters, e. g. b/a, c/a, ,
, and , can be refined through minimising the r.m.s deviation, which is nonetheless suffi-
cient to account for any deviation from the otherwise cubic unit cell. In Table 4.2, the refined
parameters b/a, c/a, , ,  and the corresponding r.m.s deviation r.m.s. are listed for all sam-
ples prior to and after high temperature creep test. It is evident that the parameters b/a, c/a, ,
,  are not significantly different from 1, 1, 90°, 90°, 90° for a cubic unit cell and that the
r.m.s deviations are not significantly improved after the introduction of the triclinic instead of
the cubic system. In addition, as the reflection spots are often split into several spots after the
samples are plastically deformed at high temperature, caution has been taken to ensure that
only one group of reflection spots corresponding to X-ray diffraction from one grain is in-
volved in the parameter refinement. It can therefore be concluded that the unit cell remains
cubic after creep at high temperature up to 1673 K, at least on the macroscopic scale over the
individual grain. In other words, the residual strain of the individual grain is either isotropic or
negligible. As the residual stress is unlikely isotropic after uniaxial compression along [001]
axis, the residual strain is then probably not significant enough to be recognised by the Laue
method.
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Fig. 4.5 Predicted spot position (+) matching perfectly with actual Laue patterns
recorded (a) before creep and (b)-(d) after creep at 1473, 1573, and 1673 K
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4.3.6 Determination of soft limits min, max and dmin
      An analysis procedure incorporated with the LAUEGEN program might be used to deter-
mine the soft limits min and dmin from the distribution of the number of Bragg reflections with
respect to the wavelength  and the lattice spacing d, respectively. However, the total number
of reflection spots registered on a Laue pattern of -NiAl single crystal sample is normally
around 200 and is not sufficient for a reliable analysis, therefore the soft limits min and dmin is
difficult to be properly determined by the LAUEGEN program.
      Nevertheless, for a BRLP recorded with a -NiAl single crystal sample on the STOE
IPDS, min, max and dmin can all be reliably determined by other means. For example, the soft
limit min is actually a ‘hard’ limit as min is strictly determined by the high voltage across the
X-ray tube. For instance, min is around 0.31 Å when the high voltage applied for recording
Laue image is 40 kV.
      Referring back to Fig. 4.1, the soft limit max has very limited influence upon either the
total number of reflection spots or the total number of multiples or the multiplicities of the
multiples recorded on a BRLP as long as max is of the order of 3 Å. For processing the BRLP
of -NiAl single crystal sample, it would not cause significant difference when max is set to a
value between 2.5 to 3 Å. Anyway, max is determined by the spectral distribution of the X-
rays generated from an X-ray tube and by the difference in the absorption coefficient with re-
spect to the X-ray wavelength, which is going to be discussed in Section 4.5.2 in association
with the spectral intensity of ‘white’ X-ray beam and the attenuation of X-ray radiation in the
air.
      The soft limit dmin is equal to 1/Hmax, while Hmax is the maximum amplitude of the recipro-
cal vectors which have effectively been mapped onto the Laue pattern. Consequently, dmin can
be estimated by searching the Bragg reflection of the maximum 222 lkh  over the whole
Laue pattern, as the unit cell of -NiAl single crystal sample remains cubic even after high
temperature creep test. However, a clear cut on Hmax is sometimes difficult to be specified, in
this sense dmin is truly a soft limit. A typical procedure for searching the reflection of the
maximum 222 lkh  on an actual Laue pattern is described as follows: First of all, the Laue
pattern has to be indexed, e. g., a quadrant of a Laue pattern of a [001] oriented -NiAl single
crystal sample is displayed in Fig. 4.6 where all unique Laue reflections have been indexed
and the indices have been marked next to the reflections. Then the maximum
222 lkh  might be estimated by a visual observation plus some simple calculations. It is
straightforward to find that reflection 219 and its equivalent (reflection 129) can still be rec
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ognised while reflection 319 and its equivalent (reflection 139)  as well as reflection 229 are
apparently to weak to be distinguished from the background. The observation is in qualitative
accordance with the B2 ordered crystal structure as h + k + l is even for reflection 219 whereas
it is odd for either reflection 319 or reflection 229, which is encouraging for pursuing the final
goal of quantitative structure refinement. It is then reasonable to infer that reflection 309 and
its equivalent (reflection 039) might be strong enough to be effectively recorded on the Laue
pattern. However, the existence of reflection 309 is impossible to be verified because of the
overlap of reflection 103 and reflection 206. In short, depending on whether reflection 309 is
effectively recorded or not, Hmax lies either between 90 a* and 91 a* or between 86 a*
and 89 a*. In order to avoid unexpected exclusion of existing reflections from the intensity
data, Hmax is better to be overestimated. Therefore Hmax is set to be equal to 9.5a* and dmin
equal to 0.105a where a and a* are the direct and reciprocal lattice parameters, respectively.
Keeping in mind that the lattice parameter of near-stoichiometric -NiAl is about 2.887 Å,
dmin is around 0.3 Å.
Fig. 4.6 Searching the maximum 222 lkh 
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4.3.7 Integration of reflection intensity with LAUEGEN
      The Laue reflection intensity can be integrated by either of two procedures incorporated
with the LAUEGEN program, i. e., a simple box integration procedure and a relatively more
sophisticated profile fitting procedure. The following two aspects are common for both inte-
gration procedures: The integration is centred at the predicted rather than the actual reflection
position. The background distribution over a reflection spot is assumed to be in a plane form.
The integration procedures are briefly described as follows.
      When the reflection intensity is to be calculated by the simple box integration procedure, a
rectangular box of predefined length and width is at first set up and centred at the predicted
reflection position. The least-square background plane is then calculated using the lowest
pixel intensities within the integration box until the ratio between the number of such pixels
and the number of all pixels inside the integration box reaches a predefined percentage. Fi-
nally the reflection intensity is calculated by a simple summation of the difference between the
pixel intensity and the corresponding background intensity over the reflection spot. Because
the box integration procedure does not require the reflection spot to be in any specific form,
the procedure can be readily adopted for integrating the intensity of irregularly shaped reflec-
tion spot, e. g. the reflection spot on some Laue patterns recorded after high temperature creep
test.
      It has been noticed that the reflection spots are often in similar shape at least for the spots
located within a limited area on a Laue pattern, e. g. for the spots on a zone line. When the
spot intensity is to be calculated by the profile fitting procedure, the Laue pattern is at first
divided into several fan-shaped sections. Then an elliptically shaped standard profile is deter-
mined for each section by averaging over all spots of intensities above a predefined threshold.
Finally the intensity of each reflection located in the section is integrated by fitting the actual
spot profile with the standard profile. In addition, an elliptical-radial-integration-mask scheme
is incorporated with the profile fitting procedure to integrate the intensity of reflection spot
which shows radial or near-radial streaking, i. e., the major axis of the elliptically shaped pro-
file is considered to lie along radial direction and the length of the major axis lR is set to vary
with the Bragg angle  according to the following relationship
 21 20 tankll RR  ,  (4.4)
where lR0 is the radial length of the reflection spot located at the centre of the Laue pattern and
k is a constant related to mosaic spread of irradiated area (Rossmann 1979, Greenhough and
Suddath 1986, Andrews et al. 1987, Greenhough and Shrive 1994).
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      However, both integration procedures are not particularly suited for calculating the Laue
back reflection intensity. The major problem lies in the fact that the reflection spots can not be
properly specified by either an integration box of predefined size or the elliptical-radial-
integration-mask scheme, because the size of the reflection spot is related not only to the po-
sition but also to the intensity itself as typically displayed in Fig. 4.6. In addition, as both inte-
gration procedures are centred on the predicted reflection position, the integration is then un-
likely accurate if the discrepancy between the actual and the predicted reflection positions is
significant. Moreover, the extension of Laue reflection spot due to a lattice rotation around
one single Taylor axis can not be sufficiently specified by Eqn. (4.4). In short, new integration
procedures need to be established in order to calculate Laue back reflection intensity properly.
4.4 Integration of Laue back reflection intensity
      In order to derive accurate intensity data from a Laue back reflection pattern recorded both
before and after high temperature creep test, the integration procedure should be centre on the
actual reflection position, the spot size should be properly specified for each reflection, and
particularly the elongation of the Laue spot due to a lattice rotation around one single Taylor
axis should be appropriately treated. An integration procedure which meets all these require-
ments has been developed and is described in the following sections step by step.
4.4.1 Overall background analysis
      An overall background analysis is important for centring the reflection peak and deter-
mining the spot size. The overall background analysis is initially eyed on the presentation of
the back reflection Laue patterns for publication because the intensities of most Laue back
reflections are at the same order of magnitude as the background level and can not be clearly
presented without back ground reduction. Later on, it is found that the overall background
analysis reveals also the exact orientation of the crystal surface with respect to the IP which is
of importance for correcting the effect of sample self-absorption as to be discussed in Section
4.5.2.
      For a Laue back reflection pattern recorded on the STOE IPDS, the overall background
distribution is better described in a polar co-ordinate system with its origin set at the centre of
the IP and its polar axis set parallel to the x axis of the IP co-ordinate system. Importantly, the
background distribution  ,rIBG  can be well described by a sinusoidal function as
       010 cos,   rIrIrIBG  (4.5)
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when r remains a constant. A typical example is demonstrated in Fig. 4.7 (a) where the back-
ground intensity around r = 45 mm on a Laue pattern recorded with single crystal B before
creep test is plotted against polar angle 	. Furthermore,  rI 0  and  rI1  are related to experi-
mental parameters as
 
 
 
 2
2
0
1
11
1
tr
tr
t
rtan
rI
rI


  ,  (4.6)
where t is the sample-to-detector distance. In Fig. 4.7(b)    rIrI 01  determined from the
aforementioned Laue pattern and the theoretical function of Eqn. (4.6) are both plotted with
respect to r. Most importantly, 	0 and 
 are related to the orientation of the sample surface
with respect to the IP. Specifically, the direction cosines of the surface normal in the co-
ordinate system for interpreting Laue pattern can be expressed in terms of 	0 and 
 as
 coscos  , (4.7a)
0 cossincos  ,            (4.7b)
0 sinsincos  .            (4.7c)
      In summary, the overall background analysis determines not only the background distribu-
tion in the form of Eqn. (4.5), which is necessary for centring reflection peak and specifying
spot size, but also the direction of the sample surface normal in the form of Eqs. (4.7a), (b),
and (c), which is required for correcting sample self-absorption effect.
4.4.2 Peak centring
      The reflection peak is centred at the centre of gravity. At first, the pixel of the maximum
intensity is located, and a rectangular box of predefined size, e. g. 77 pixels, is set around
this pixel. The co-ordinates (XC, YC) of the centre of gravity of the box are then calculated ac-
cording to the background corrected pixel intensity    Y,XIY,XI BG , i. e. (XC, YC) are
given by
    
    




Y,XIY,XI
Y,XIY,XIX
X
BG
BG
C , (4.8a)
    
    




Y,XIY,XI
Y,XIY,XIY
Y
BG
BG
C ,            (4.8b)
where (XC, YC) and (X, Y) are all measured with respect to the Cartesian IP co-ordinate system
and  Y,XI BG  can be readily deduced from  ,rI BG  through a simple transformation. The
calculation of (XC, YC) might be iterated by centring the box at the newly calculated centre of
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gravity until the deviation between two successive calculations is within a predefined crite-
rion.
4.4.3 Spot size
      The extension of Laue reflection spot is in general related to the factors such as the cross-
section of the primary beam, the beam divergence, the mosaic spread and the effective thick-
ness of the crystal sample, the sample-to-detector distance, and the Bragg angle. The sample
thickness causes only a radial extension of the reflection spot that is described by
 20 tanll RR  ,  (4.9)
where  is the sample thickness (Amoros et al. 1975). The mosaic spread and the beam diver-
gence lead to both radial and tangential extensions which are specified by
 21 20 coskll RR  ,          (4.10a)
  210 cossinkll TT           (4.10b)
where k is a parameter related to the mosaic spread, the beam divergence, and the sample-to-
detector distance (Andrews et al. 1987, Greenhough and Shrive 1994, Lange 1995).
      However, the variation of spot size can not be adequately covered by Eqs. (4.9) and (4.10),
because the spot size is also related to other factors such as the reflection intensity. Conse-
quently it is necessary to determine the spot size on the spot. For a specific Laue reflection, the
spot size can be determined by including all pixels around the peak centre if the background
corrected pixel intensity    Y,XIY,XI BG  is above a predefined threshold value, e. g.
   Y,XIY,XI BG     10Y,XI BG . Alternatively, the reflection spot can also be considered
to be approximately in the Gaussian form, then the standard deviation  of the Gaussian dis-
tribution can be determined according to
    BGmaxBG IIIIln 

1
 , 4.11
where  maxBGII   is the maximum of the background corrected pixel intensity,  BGII   is
the background corrected pixel intensity measured at a distance  from the peak centre, and 
can be measured along any chosen direction. Therefore the extension of any reflection spot
along any chosen direction, e. g. X, Y, radial, or tangential direction, can be estimated after the
overall background distribution, the peak centre, and the maximum intensity are determined.
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Fig. 4.7 The overall background distribution of a Laue pattern recorded with single crystal B
(a) BGI  with respect to 	 for r = 45 mm; (b) 01 II with respect to r
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4.4.4 Extension of Laue spot due to a single-axial lattice rotation
      In this section, the formulisation is going to be presented for specifying the extension of
the Laue spot due to a single-axial lattice rotation about a central mean orientation. For the
sake of clarity and completeness, the reflection position of an undistorted lattice is going to be
related to the crystal orientation and the camera parameters at first, then the extension due to a
single-axial lattice rotation is formulised.
4.4.4.1 Reflection position, crystal orientation and camera parameters
      A Laue reflection is uniquely referred by its indices, while the position of a specific Laue
reflection can be accurately predicted according to experimental setting, e. g. crystal orienta-
tion and camera parameters. In the following description, the deviation from the ideal setting
is ignored for the sake of simplicity of the formulisation, i. e. the incident X-ray beam is con-
sidered passing perpendicularly through the centre of the IP. Although the actual setting does
deviate marginally from the ideal setting and such a marginal deviation does introduces minor
error in predicting the spot position, the deviation nonetheless should not cause any significant
difference in determining the extension of the Laue spot. Most importantly, as the intensity
integration is centred at the actual spot position, the deviation should neither introduce error in
intensity data.
      If the base vectors of the cubic reciprocal lattice a , b

 and c  are initially parallel to z , y
and –x directions of the co-ordinate system illustrated in Fig. 4.4, and if the actual orientation
of the reciprocal lattice is specified by a sequential rotation of angles x, y and z about x, y
and z axes starting from the initial orientation, then the final orientation of the base vectors
can be described by the following matrix equation



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







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






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
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
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

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yy
zz
zz
e
e
e
a
c
b
a






001
010
100
cossin0
sincos0
001
cos0sin
010
sin0cos
100
0cossin
0sincos
1






,            (4.12)
where xe
 , ye
  and ze
  are dimensionless unit vectors along x, y and z axes, and a is the lattice
parameter. Evidently the direction cosines of a , b

and c can all be expressed in terms of
three rotation angles x, y and z as
yza  coscoscos  ,          (4.13a)
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yza  cossincos  ,          (4.13b)
ya  sincos  ,          (4.13c)
xyzxzb con  sinsincossincos  ,          (4.13d)
xyzxzb  sinsinsincoscoscos  ,          (4.13e)
xyb  sincoscos  ,          (4.13f)
xyzxzc con  cossinsinsincos  ,          (4.13g)
xyzxzc  cossinsinsincoscos  ,          (4.13h)
xyc coscoscos   ,          (4.13i)
and it is straightforward to verify that 1coscoscos 222    for all three base vectors.
Subsequently the direction cosines of any reciprocal vector   clbkahH 



 are given by
222
coscoscos
lkh
lkhcon cbaH




 ,          (4.14a)
222 lkh
coslcoskcosh
con cbaH




 ,          (4.14b)
222 lkh
coslcoskcosh
con cbaH




 .          (4.14c)
Referring back to Fig. 4.4, if the extension line of the reciprocal vector H

 intersects the IP at
H and the corresponding Bragg reflection intersects the IP at S, then the following angular
relationships hold 
COH = HOS = 
2
1
COS =  
2
 = H  .            (4.15)
From Eqn. (4.15), it is straightforward to derived the co-ordinates (xH, yH) for H and (xS, yS)
for S in the IP co-ordinate system with
t
cos
cosx
H
H
H


 ,          (4.16a)
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H
H
H


cos
cos
 ,          (4.16b)
H
HH tan
t
yx

2
2
22

 ,          (4.16c)
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




 ,          (4.16d)
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




 ,          (4.16e)
where t is the sample-to-detector distance. Therefore the reflection position (xS, yS) can be
predicted according to t, x, y and z.
4.4.4.2 Extension of Laue spot due to a single-axial lattice rotation
      If the Laue asterism can be dominantly attributed to a lattice rotation around one single
Taylor axis represented by OT  in Fig. 4.4, then the trace of H on the IP would be a conic
curve, i. e. a curve of the second order, because the angle between the Taylor axis OT  and the
reciprocal lattice vector H

 remains a constant. Furthermore, the trace of the predicted reflec-
tion spot S is in general a curve of the forth order according to Eqs. (4.16a-e). Importantly, the
extension of Laue spot due to a lattice rotation can be calculated according to the central ori-
entation of the deformed crystal lattice and the rotation angle about this central orientation.
      If the Taylor axis is parallel to [100] direction, i. e. to a , and the rotation angle is , then
the new base vectors 

a , 

b

 and 

c  is related to a , b

 and c  as
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,            (4.17)
and the direction cosines of 

a , 

b

 and 

c  can be calculated accordingly. Moreover, the ro-
tated reciprocal vector H

 can readily be represented as  

clbkahH 



, while the di-
rection cosines of 

H

 and the co-ordinates (x, y) of the corresponding reflection position
can also be readily calculated according to Eqs. (4.14a-c) and (4.16a-d), respectively. Finally
the extension along x and y directions can be easily calculated as



 xxlx ,          (4.18a)



 yyl y .          (4.18b)
      As already being pointed out, the trace of S forms a curve of the fourth order. Conse-
quently it is impossible to get analytic relationships between (lx, ly) and all relevant pa-
rameters, i. e. x, y, z, hkl, t and . Nevertheless, as x, y, z, t and  can all be well deter-
mined for a specific Laue pattern, therefore the numerical solution of (lx, ly) can be readily
calculated step by step for a specific Laue reflection.
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4.4.5 Integration of Laue back reflection intensity; a radial summation procedure
      After the reflection peak is properly centred and the spot size is properly specified, the
reflection intensity can now be properly integrated.
      Initially the simple box integration procedure is adapted for integrating Laue back reflec-
tion intensity, because the procedure does not require the spot profile in any specific form. The
integration box is sized according to the actual spot extension and centred at the actual reflec-
tion position. However, it is necessary to determine the background intensity Ib within each
integration box, because Ib could significantly deviate from the overall background distribu-
tion IBG described by Eqn. (4.5) as indicated in Fig. 4.7 (a). In practice, Ib can be considered a
constant, and can be calculated by averaging the pixel intensity Ip over all pixels at the bound-
ary of the box with
b
N
p
b N
I
I b

            (4.19)
where the summation is performed over all Nb pixels taking for background calculation. The
distribution of Ib within the integration box can also be described by a plane equation, 
Ib = cXX + cYY + c0,          (4.20a)
and the coefficients can be determined by the least-squares method, i. e. cX, cY, and c0 are
given by



bN
p
X
XI
c ,          (4.20b)



bN
p
Y
YI
c ,          (4.20c)



bN
pI
c0 ,          (4.20d)
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NNN
NNN
NYX
YYXY
XXYX
bb
bbb
bbb




2
2
 .          (4.20e)
After Ib is determined, the reflection intensity can be calculated by a simple summation of the
difference between the pixel intensity Ip and the background intensity Ib over the reflection
spot with
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  
pN
bpH III ,            (4.21)
where Np  is the total number of pixels within the reflection spot.
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Fig. 4.8 Simple box integration procedure (left) and radial summation procedure (right)
      According to Eqn. (4.21), the deviation of IH is directly related to the deviation of Ip and Ib.
In general, the statistic deviation of either Ip or Ib is relatively minor for strong reflection, e. g.
for reflection 227 shown in Fig. 4.8(a), and is getting significant when the reflection intensity
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decreases, e. g. for reflection 307 and 317 shown in Fig. 4.8(b) and (c). For the sake of clarity,
the reflections are illustrated by three-dimensional plot, while the exact locations of all three
reflections can be found in Fig. 4.6. Apparently, the deviation of IH is relatively higher for
weak reflections, i. e. the simple box integration procedure is not particularly suited for inte-
grating the intensity of weak reflection.
      Curve fitting technique is often applied to minimise the influence of statistic deviation.
However, for a weak Laue back reflection, the distribution of the pixel intensities is difficult
to be fitted with a theoretical function, e. g. a general two-dimensional Gaussian distribution
in the form of
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       (4.22)
where the first three terms account for the plane background distribution,  is the angle be-
tween the x direction of the IP co-ordinate system and the major axis of the elliptical profile,
and A and B are the standard deviations measured along the major and minor axes.
Fig. 4.9 Establishment of an imaginary radial-tangential pixel system around peak centre P
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      On the other hand, an imaginary pixel system can be established upon the reflection spot
as illustrated by Fig. 4.9, where the physical pixels is bounded by the solid lines and the
imaginary pixels are bounded by the dashed lines. The imaginary pixel system is aligned with
two axes R and T parallel to the radial and the tangential directions, respectively. The intensity
I(R, T) of an imaginary pixel is calculated according to the area fractions and the intensities of
the physical pixels which fill that specific imaginary pixel, i. e. I(R, T) is given by
     YXIYXfTRI p ,,,  ,            (4.23)
where Ip(X, Y) is the intensity of the physical pixel centred at (X, Y), f(X, Y) is the area fraction
of the physical pixel located inside the imaginary pixel centred at (R, T). Afterwards, a sum-
mation of I(R, T) along the radial direction is performed and a summarised radial intensity I(T)
is obtained. Indeed, the summation can also be performed along other directions. Neverthe-
less, I(T) can be better fitted with Gaussian distribution in the form of
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,            (4.24)
apparently because the spot extension is dominantly along the radial direction. The fitting of
I(T) is illustrated in Fig. 4.8 (d), (e), and (f) for the aforementioned reflections 227, 307, and
317, respectively. As Eqn. (4.24) is much simpler than Eqn. (4.22), the parameters can be well
determined by the least-squares method. Most importantly, the reflection intensity I is equal to
the peak area A.
      In summary, the simple box integration procedure can be adapted for integrating the inten-
sity of Laue back reflections, but is not particularly suited for weak reflections. The newly
developed radial summation procedure simplifies the least-square fitting, smoothes out the
statistic deviation, and highlights the reflection peak, therefore is well suited for the intensity
integration of weak Laue reflections.
      So far, the parameters such as the reflection indices, position, intensity, wavelength, and
the camera parameters are well determined, therefore it is now time for the next step forward,
the Laue data reduction.
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4.5 Laue data reduction
      Within the framework of kinematic approximation, the integrated reflection intensity IH is
proportional to the square amplitude of the corresponding structure factor 2HF , while the
subscript H stands for the reflection indices hkl. In general, the ratio between IH and 
2
HF
varies from reflection to reflection no matter how IH is collected, by a monochromatic X-ray
diffraction method or by the polychromatic Laue method. Moreover, the ratio is related to a
variety of factors such as the intensity or the spectral intensity of the incident X-ray beam, the
polarisation of the incident beam, the intensity attenuation to both incident and reflected X-ray
radiation due to the absorption by air and by sample itself, the extinction effect, and the de-
tector efficiency. In order to deduce 2HF  from IH, a procedure known as data reduction has to
be implemented to normalise IH with all reflection dependent correction factors.
      The reduction of Laue intensity data is different in many aspects from the reduction of
intensity data collected by a monochromatic X-ray diffraction method, because the reciprocal
space is uniquely scanned and the reflection intensity is uniquely integrated by an X-ray con-
tinuum. In general, the overall 2HH FI  ratio and the individual correction factors are related
to an additional variable parameter, namely the X-ray wavelength . Consequently  has to be
expressed explicitly in all correction factors. Since the correction factors have not yet been
systematically formulated, a comprehensive discussion is therefore necessary, for the reduc-
tion of Laue back reflection intensity data in particular.
4.5.1 General relationship between IH  and 
2
HF ; Lorentz factor for the Laue method
      The discussion on the reflection intensity integrated by the Laue method, specifically on its
relationship with the square amplitude of the structure factor extends over a long time span
from the first reference to the Lorentz correction factor in Debye's 1914 classic study on the
interference of X-rays and thermal motion till Lange’s 1995 study on the Lorentz factor for the
Laue method (Zachariasen 1945, Buras and Gerward 1975, Kalman 1979, Gonschorek 1983,
Rabinovich 1987). The formulae derived by different researchers are essentially in agreement
with each other, whereas the apparent controversy in the formulations can basically be attrib-
uted to the difference in the definition of relevant parameters, especially the integrated inten-
sity of the reflected X-ray beam and the spectral intensity of the incident X-ray beam. If the
integrated intensity IH is defined as the power flow of the Bragg reflection of indices hkl and
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the spectral intensity  0I  is defined as the power flow per unit wavelength interval per unit
area, and if the absorption and the extinction are both negligible, then IH is related to 
2
HF  in
the form of
 
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where re is the classic electron radius, V the volume of the unit cell, v the volume of the crystal
exposed to the incident beam, B the Bragg angle, B the wavelength of diffracted X-rays,
2
2cos1 2 Bp             (4.26)
the polarisation correction factor for an unpolarised incident beam, and
B
BL


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            (4.27)
the Lorentz correction factor for the Laue method (Zachariasen 1945, Rabinovich 1987). The
strict deduction of L is rather lengthy, but the right side of Eqn. (4.27) can be divided into two
terms as
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            (4.28)
where the first term is the Lorentz correction factor for some monochromatic X-ray diffraction
methods, e. g. the rotation crystal method, and the second term is proportional to the wave-
length spread of a Laue reflection (Andrews et al. 1987, Lange 1995).
      However, even if the Laue reflection is a so-called single and corresponding B, B, and
 0I  are all known, Eqn. (4.25) is still not sufficient for deducing 
2
HF , when IH is the re-
flection intensity integrated from a back reflection Laue pattern recorded on the IP. Evidently
the intensity attenuation to both incident and reflected X-ray beams due to sample self absorp-
tion is neither negligible nor constant for different Laue back reflections, therefore has to be
taken into account for Laue data reduction. In addition to the sample absorption correction
factor Asam, further correction factors, e. g. the air absorption factor Aair, the imaging plate effi-
ciency , and the extinction factor E, have also to be introduced for Laue data reduction. In
general, IH is related to 
2
HF in the form of
  22
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 ,            (4.29)
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where p is a general polarisation correction factor. Analogous formulae may be found in the
literature (Schieblod 1932, Wood et al. 1983, Moffat et al. 1984, 1986, Helliwell et al. 1989,
Marin and Dieguez 1995).
4.5.2 Sample and air absorption correction factors
      When a monochromatic X-ray beam of intensity I0 passes through a layer of material of
thickness x and emerges with intensity I, then I is given by the exponential attenuation law or
sometimes known also as Beer’s law
 xexpII  0             (4.30)
where  is the linear attenuation coefficient of the material (Dyson 1973, Monaco 1992).
However, the so-called mass attenuation coefficient / is more commonly quoted with  the
mass density of the material, and is tabulated for all natural elements and some commonly
used compound materials with respect to X-ray wavelength (Creagh and Hubbell 1992,
Hubbell and Seltzer 1997). Importantly the mass attenuation coefficient of a compound can be
calculated according to the mass attenuation coefficients and the mass fractions of the compo-
sitional elements. For example, for the iron doped near-stoichiometric -NiAl(Fe) single
crystal of atomic composition Ni50+xAl50-x-yFey, the mass attenuation coefficient is given by
         
    FeAlNi
FeFeAlAlNiNi
sam yAAyxAx
yAAyxAx




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
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5050 

 .            (4.31)
Moreover the mass attenuation coefficients of the compositional elements Ni, Al, and Fe can
be accurately calculated according to the following forth order polynomial
  44
3
3
2
210  cccccelement             (4.32)
with / in cm2/g and  in Å. c0, c1, c2, c3, and c4 can be determined by the least-squares
method according to the tabulated mass attenuation coefficients (Creagh and Hubbell 1992,
Hubbell and Seltzer 1997). In Table 4.3, c0, c1, c2, c3, and c4 along with the wavelength ranges
are listed for Ni, Al, and Fe, and 7.9511, 1.743, and 1.488 Å are K absorption edges of Al, Fe
and Ni (Arndt 1992b). Finally, the linear attenuation coefficient of the sample sam can be cal-
culated from the mass attenuation coefficient (/)sam and the mass density of the sample sam
according to
 samsamsam              (4.33)
with sam in g/cm3 and sam in cm-1.
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Table 4.3 c0, c1, c2, c3, and c4 for calculating / of Al, Ni, and Fe
Atom c0 c1 c2 c3 c4 min (Å) max (Å)
Al -0.42717 5.28549 -5.28498 16.3662 -0.99458 0.001 7.9511
Ni 0.04387 0.73177 1.72001 152.89396 -36.59669 0.001 1.488
Ni 16.33301 -26.27087 19.38618 7.82760 -0.28075 1.488 7.9511
Fe -0.00232 2.77293 -5.79196 125.78653 -26.56363 0.001 1.743
Fe 13.32812 -20.59335 14.88351 6.12901 -0.19754 1.743 7.9511
      When a 'white' X-ray beam of cross-section S is incident perpendicularly upon a flat sur-
face of the sample and penetrates a distance x into the crystal, the incident spectral intensity
 0I  is attenuated by a factor of  xexp sam . If the attenuated beam is then reflected by a
crystallite of volume Sdx, the back reflected beam is going to be further attenuated on the way
coming out of the sample by a factor of 





B
sam
cos
x
exp


2
. According to Eqn. (4.29), the differ-
ential intensity of the reflection from the crystallite of volume Sdx is given by
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If Aair, E, , p, B, and B are all independent of x, the total reflection intensity can be inte-
grated over the range from 0 to  and is given by
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Apparently the sample absorption correction factor Asam is given by
 12cos
2cosAsam


Bsam
B

            (4.36)
if the sample surface is perpendicular to the incident X-ray beam. In general, if the sample
surface normal forms an angle 0 with the incident X-ray beam and an angle  with the re-
flected beam, then Asam is given by
  coscos
A
sam
sam 11
1
0 
 .            (4.37)
Therefore the determination of the orientation of the sample surface, e. g. from the overall
background analysis discussed in Section 4.4.1, is of importance for evaluating the sample
absorption correction factor Asam. In any case, Asam is not a dimensionless quantity, and the
exposed crystal volume v is replaced by the exposed area S after Asam is introduced.
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      The air absorption correction factor Aair can be readily calculated according to







B
airair cos
texpA


2
,            (4.38)
where t is the crystal to imaging plate distance and air is the linear absorption coefficient of
the air. Moreover, 
 airairair              (4.39)
where air is the mass density of air and  air  is the mass attenuation coefficient of air.
 air  can be calculated according to the following two polynomial equations
  432 013516033849314824160101008150  .....air            (4.40a)
and
  256836343560417966697311  ...air           (4.40b)
for   3.8707 Å and   3.8707 Å, respectively, where  air  is in cm
2/g,  is in Å, and
3.8707 Å corresponds to Ar K absorption edge.
4.5.3 Extinction correction
      The reflection intensity might be further attenuated by two processes known as the primary
extinction and the secondary extinction. The primary extinction results from the destructive
interference between the incident and the reflected X-rays, while the secondary extinction re-
sults from the fact that the reflection of the incident X-ray beam by the upper lattice planes
reduces the intensity of X-rays incident upon the deeper lattice planes. For most real crystals
which are considered to be composed of disoriented crystalline domains or mosaic blocks as
suggested by Darwin (1922), the build-up of the destructive interference is limited and the
effect of primary extinction is thereafter insignificant. In general, the secondary extinction is
more important for X-ray structure analysis. The effect of extinction upon the intensity of
certain Bragg reflections, usually the reflections of high intensity or of low indices can be rec-
ognised during the structure refinement if the observed reflection intensity is lower than the
calculated one. Under the circumstances, the compensation for the attenuation of the reflection
intensity due to extinction effect, i. e. the extinction correction would be necessary.
      The theory on X-ray diffraction from imperfect mosaic crystal has been under develop-
ment ever since Darwin published his classic paper in 1922. Numerous formulae prescribed
for extinction correction are essentially based on Darwin’s mosaic model of imperfect crystal
and on Hamilton-Darwin’s energy transfer equations (Hamilton 1957, 1963, Zachariasen
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1963, 1967, Becker and Coppens 1974a, b, Werner 1974, Sabine 1988, Sabine and Blair 1992,
Hu 1997a, b). Because of the complexity of the problem, the solution to the Hamilton-Darwin
equations inevitably involves approximations and artificial assumptions, e. g. on the orienta-
tional distribution of mosaic blocks of a real crystal. As the mosaic structure of a specific
crystal sample can normally not be precisely specified, it is difficult to evaluate the extinction
effect on the intensity of X-ray reflection. Therefore it is not a common practice to perform
extinction correction directly on the observed reflection intensity or on the observed structure
factor modulus. Instead, the extinction correction is often performed on the calculated reflec-
tion intensity or on the calculated structure factor modulus by introducing a refinable extinc-
tion correction parameter which can then be determined along with other structure parameters
by the structure refinement procedure using the least-squares method without any pre-
knowledge on the mosaic structure.
      For instance, the following simple extinction correction procedure is often quoted in the
literature. Specifically, the calculated reflection intensity  cHI is corrected according to the
following equation
 
 
 cH
cHcorr
cH Ig
I
I


1
,            (4.41)
where the extinction correction parameter g is reflection independent and   1cHIg . In
other words, the correction procedure is applicable only within the framework of kinematic
approximation. Furthermore, the calculated structure factor modulus 
cH
F is corrected ac-
cording to the following equation 
  2121
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
            (4.42)
where K is a general scaling factor (Giacovazzo 1992).
      There are also variants of this simple extinction correction procedure, e. g. the extinction
correction procedure incorporated with the structure refinement program SHELXL-97. Differ-
ent from the extinction correction in the form of Eqn. (4.42), the calculated structure factor
modulus 
cH
F  is corrected according to the following empirical equation
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where the refinable parameter x is claimed to cover both primary and secondary extinction and
the wavelength B is introduced to make the equation applicable also for processing Laue in-
tensity data (Sheldrick 1997).
      However, the factor BB sin  2
3  in Eqn. (4.43) is apparently adopted from 2HH FI   re-
lationship for IH collected with some monochromatic X-ray diffraction methods, and is differ-
ent from the Lorentz factor BB sinL 
24 2  for the Laue method. Furthermore, as g in Eqs.
(4.41), (4.42) and x in Eqn. (4.43) are presumably reflection independent, therefore other cor-
rection factors related to the reflection intensity and the extinction effect should be explicitly
presented in the nominators of the extinction correction Eqs. (4.41), (4.42), and (4.43). For
instance, the intensity attenuation to both incident and reflected radiation due to sample ab-
sorption shall alleviate the extinction effect to some extent, therefore the sample absorption
factor Asam shall be presented in the nominator of the extinction correction Eqs. (4.41), (4.42),
and (4.43). On the other hand, the extinction effect is relevant neither to the intensity attenua-
tion to both incident and reflected X-rays due to air absorption nor to the detecting of the re-
flected beam by any type of X-ray detector, therefore the air absorption factor Aair and the de-
tector efficiency  shall not be presented in the extinction correction equations. Therefore
Eqn. (4.42) shall be modified into the form of 
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when the intensity data is collected by the back reflection Laue method.
4.5.4 Detector efficiency
      In order to discuss the detector efficiency in some detail, it is necessary to briefly review
the principle of IP. IP is essentially a thin layer of storage phosphor BaFBr:Eu2+ crystal pow-
der (Amemiya 1995). Upon exposing to the X-ray radiation, electrons may be excited from the
valence band to the conduction band of the phosphor crystal. The excited electrons may sub-
sequently be trapped in Br and F vacancies, which results in the formation of metastable
colour centres (F centres). Upon exposing to the readout HeNe laser beam, the trapped elec-
trons may be freed from the traps and excited to the conduction band. The subsequent electron
transition from the conduction band back to the valence band results in the emission of blue
luminescence. The laser stimulated luminescence is collected by a photo-multiplier tube
(PMT), the output signal of the PMT is then processed by the data acquisition system, and the
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spatial distribution of the intensity of luminescence collected over the IP is finally registered
by a computer. In summary: X-ray diffraction pattern is at first recorded and stored as a latent
image of distribution of quasi-stable colour centres by an IP. The colour centres are excited by
scanning the IP with a HeNe laser beam, while the laser stimulated luminescence radiation is
collected by a PMT. Finally the X-ray diffraction pattern is stored, reconstructed, and pre-
sented as a two-dimensional distribution of the intensity of the laser stimulated luminescence
by a computer.
      In general, the intensity of laser stimulated luminescence radiation Ilumi is proportional to
the intensity of X-ray radiation IX-ray, i. e.
Ilumi = IX-ray.            (4.45)
 can be regarded as an overall detector efficiency and has been found to remain a constant
over a wide intensity range of five orders of magnitude (Amemiya et al. 1988, Amemiya
1995). Moreover,  is related to the factors such as the efficiency of luminescence collection,
the efficiency of luminescence stimulation, the efficiency of colour centre formation, and the
efficiency of electron excitation. Nevertheless, only the efficiency of electron excitation elec
is directly related to the interaction processes between the incident X-ray photons and the
phosphor crystallites, whereas all other factors are in principle reflection independent. Conse-
quently it is sufficient for data reduction to express  in the form of
 = k1elec            (4.46)
where k1 is a reflection independent constant.
      If elec is defined as the number of electrons excited by the X-ray radiation of unit inten-
sity, then the number of electrons Nelec excited by the X-ray radiation of intensity IX-ray is given
by
Nelec = elecIX-ray.            (4.47)
If the energies of X-ray photons are in the order of 101 keV, the photoelectric effect is the
dominant interaction process between the X-ray photons and the phosphor crystallites, and the
absorption of X-ray radiation can be dominantly attributed to the photoelectric effect. In con-
sequence, the probability of absorbing an incident X-ray photon is approximately equal to the
probability of creating a photoelectron. Moreover, the energy of the photoelectron is approxi-
mately equal to the energy of the incident X-ray photon in the order of 101 keV and is much
higher than the energy difference between the conduction band and the valence band of the
phosphor crystal in the order of a few eV. Therefore, the number of electrons excited by a
photoelectron is approximately proportional to the energy of the X-ray photon. Keeping in
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mind that the intensity of the reflected X-ray beam is defined as the power flow, elec is there-
fore approximately proportional to the absorption efficiency abso, i. e.
elec  k2abso,            (4.48)
where k2 is a reflection independent constant.
      If the IP is placed perpendicular to the primary X-ray beam, then abso, the efficiency for
absorbing the X-ray beam reflected at the Bragg angle B is given by

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

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B
ip
ipabso
t


2cos
exp1 ,            (4.49)
where ip and tip are the linear absorption coefficient and the effective thickness of the IP. The
linear attenuation coefficient of phosphor crystal can be calculated according to the tabulated
mass attenuation coefficients of compositional elements (Creagh and Hubbell 1992, Hubbell
and Seltzer 1997). Fig. 4.10 shows the ip- curve where the discontinuities correspond to the
K absorption edges of Ba and Br at 0.33137 Å and 0.91995 Å, and the L absorption edges of
Ba at about 2.07027, 2.20471, and 2.36295 Å, respectively. Moreover, between the neigh-
bouring absorption edges, ip can be accurately calculated according to the parabolic equation
2
210  cccip  ,            (4.50)
where ip is in cm-1 and  is in Å. The coefficients c0, c1, and c2 have been calculated by the
least-square fitting procedure and are listed for different wavelength ranges in Table 4.4. In
Fig. 4.10 abso is also plotted with respect to , while abso is calculated for tip = 150 m.
      Therefore the detector efficiency  represented by
absok              (4.51)
can be evaluated according to abso for any specific Laue back reflection, because the reflec-
tion independent constant k needs not be specified for the Laue data reduction, instead k can
be included into the overall scaling factor which can be determined by the structure refinement
program.
Table 4.4 c0, c1, and c2 for calculating ip
c0 c1 c2 min (Å) max (Å)
24.46618 -320.85296 1658.67443 0.20664 0.33137
75.92786 -449.81273 977.29069 0.33137 0.91995
321.95573 -862.32758 888.15834 0.91995 2.07027
-2633.13156 1945.00723 160.35681 2.07027 2.20471
-6160.45646 4988.55434 -604.03254 2.20471 2.36295
1236.90752 -1212.75968 496.04688 2.36295 6.95759
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Fig. 4.10 Absorption coefficient ip and absorption efficiency abso of the imaging plate
4.5.5 The spectrum and polarisation of a ‘white’ X-ray beam
4.5.5.1 Theoretical continuous spectrum
      An X-ray continuum, or so-called Bremsstrahlung is generated from an X-ray tube when a
high energy electron beam is incident upon a metal target. The shape of the continuous spec-
trum of the ‘white’ X-ray beam is essentially determined by the complex interaction processes
between the target and the incident electrons and between the target and the excited X-ray
photons, and is therefore related to the parameters such as the high voltage applied across the
tube, the atomic number of the target material, and the take-off angle of the out-coming X-ray
beam. Numerous theoretical and experimental techniques have been developed for calculating
and measuring X-ray continua generated from a variety of X-ray tubes (Kramers 1923, Som-
merfeld 1931, Kirkpatrick and Wiedmann 1945, Compton and Allison 1954, Gilfrich and
Birks 1968, Birks 1969, Dyson 1973, Brown et al. 1975, Brunetto and Riveros 1984, Tertian
and Broll 1984, Pella et al. 1985, Arndt 1992a, Monaco 1992). It has been both theoretically
and experimentally recognised that I, the spectral distribution with respect to the X-ray fre-
quency 	 can be expressed in the form of a linear function of 	 as
  2max BZAZI              (4.52)
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where Z is the atomic number of the target material, A and B are two constants independent of
the applied voltage U and both Z and B are much smaller than A (Dyson 1973, Arndt 1992a,
Monaco 1992). If the second term in Eqn. (4.52) is neglected, I, the spectral distribution with
respect to the X-ray wavelength  can be deduced as









11
2
2
min
AZcI             (4.53)
where the low wavelength limit min is related to the high frequency limit 	max and to the ap-
plied high voltage U in the form of
eU
hcc
max
min 

 .            (4.54)
Since the constant AZc2 is of no importance for Laue data reduction, it can be reduced from I.
In Fig. 4.11(a), I, after normalised with the constant AZc2, is plotted versus  for U = 20, 30,
40, and 50 kV in an arbitrary unit. Apparently there exists an intensity peak for each I-
curve, and the intensity peak locates at peak = 1.5min. Moreover, I decreases on both sides of
peak, but appears to remain at a significant level on the long wavelength side of the continuum
even for  > 2.5 Å. However, several attenuation factors, i. e. the Mo target self-absorption
factor AMo, the beryllium window absorption factor ABe, and the air absorption factor AA have
not yet been taken into account. In other words, the spectral intensity actually seen by the
crystal sample should be expressed as
  ABeMo AAA
AZcI 








11
min
2
2
0 .            (4.55)
      The attenuation factors ABe and AA can be readily calculated with Eqn. (4.30) according to
the tabulated mass attenuation coefficients of Be and air (Creagh and Hubbell 1992, Hubbell
and Seltzer 1997). AA is given by
  airairairA texpA             (4.56)
where tair is the distance from the beryllium window to the crystal sample and  air  can be
calculated according to Eqn. (4.40). ABe is given by
  








cos
texpA BeBeBeBe            (4.57)
where tBe is the thickness of the beryllium window, 
 is the take-off angle of the outcoming
X-ray beam, and  Be  can be calculated according to the following third-order polynomial 
  32 353150278720241540101820  ....Be             (4.58)
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with  Be  in cm
2/g and  in Å. Target self-absorption is in general determined by applied
high voltage, target material, and take-off angle. Several procedures have been proposed to
estimate the effect of target self-absorption upon the form of the X-ray continuum (Brunetto
and Riveros 1984, Tertian and Broll 1984, Pella et al. 1985). Here the numerical approach
developed by Pella et al. (1985) is adopted to calculate the Mo target self-absorption factor
AMo, and AMo is given by
 21
1
C
AMo

 ,          (4.59a)
where




sinMo
..
min
111
651651 











          (4.59b)
and
 
  1000025025601
00256011
2
12





 .Z
Z.
C
Momin
Mo .          (4.59c)
Moreover,  Mo , the mass attenuation coefficient of Mo can be calculated according to
  32 40424181671441167336112417560  ....Mo           (4.60a)
and
  32 25779855865111746091297671552  ....Mo           (4.60b)
for   0.61977 Å and 0.61977 Å    4.3 Å, respectively.
      In Fig. 4.11(b), I0(), the corrected spectral distribution is plotted with respect to  in an
arbitrary unit along with I for U = 40 kV. It is noticeable that the short wavelength limit min
is unchanged. However, the I0()- curve is obviously different from the I- curve in the
following aspects: the existence of the discontinuity or the so-called ‘absorption jump’ corre-
sponding to the Mo K absorption edge at 0.61977 Å, the shift of the peak position from
1.5min towards the short wavelength side of the spectrum, and the intensity attenuation espe-
cially on the long wavelength side of the spectrum peak. 
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Fig. 4.11 Theoretical continuous spectra from (a) Kramers (1923) and (b) Pella et al. (1985)
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      The calculation of I0() using Eqs. (4.55-60) and (4.40) is rather complicated. However,
I0() can be expressed in a modified form of Eqn. (4.53) as
 
r
min
q
I
I 








111
0          (4.61a)
for   0.61977 Å, and can be fit into the sigmoidal Boltzmann equation
 
  



I
I
I
exp1
2
0          (4.61b)
for 0.61977 Å    4.3 Å. Specifically for the I0()- curve shown in Fig. 4.11(b), I1 =
0.33214, q = 3.14487, r = 1.14498, min = 0.30996 Å, I2 = 10.77985, I = 0.40297 Å, and  =
0.31737 Å, and I0() can subsequently be routinely calculated according to Eqs. (4.61a) and
(b), and the aforecited parameters.
      Although the spectral intensity decreases almost exponentially on the long wavelength
side, e. g., I0() decreases to 10-2Imax and 10-3Imax at 2.18 and 2.88 Å for U = 40 kV, the long
wavelength limit max is nonetheless not so clearly defined as the short wavelength limit min.
However, it is observed that most Laue spots registered on the IP are due to the diffraction of
X-rays corresponding to spectral intensity above 10-1Imax and that the ratio between the back-
ground intensity and the peak intensity is in general higher than 10-2, i. e., most Laue spots
would not be effectively distinguished from the background if the corresponding spectral in-
tensity would not be higher than 10-3Imax. Therefore max might be approximately set at 2.5 Å
which corresponds to I0()  510-3Imax.
4.5.5.2 Theoretical description of polarisation
      Laue data reduction is further complicated by the fact that a ‘white’ X-ray beam generated
from an X-ray tube is in general partially polarised. The polarisation is often specified by a
parameter  , which is defined as





II
II
||
||
            (4.62)
where I and I stand for the intensities of X-rays polarised with the electric vectors parallel
and perpendicular to the plane of emission (Compton and Allison 1954, Dyson 1973, Arndt
1992a). The plane of emission is defined by the electron beam direction and the X-ray beam
direction, therefore coincides virtually with the xL-yL plane of the co-ordinate system for inter-
preting Laue image as illustrated in Fig. 4.4. In other words, || and  directions, both perpen-
dicular to the X-ray beam direction or xL direction, are parallel to yL and zL directions.
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 is in general a function of X-ray wavelength , and both  and  are determined by how
the incident electron is decelerated by the target. Corresponding to the emission of X-ray
photon approaching maximum or minimum energy, the deceleration of the incident electron is
approximately parallel or perpendicular to the incident electron beam. As the electric vector
lies in the plane defined by the deceleration direction and the outcoming X-ray beam direction,
 decreases from the maximum value near +1 to the minimum value somewhat negative when
the X-ray energy decreases from the maximum equalling eU to the minimum approaching
zero. Moreover, , especially its maximum max, is also found to be related to U/Z2. In fact,
max has been found to vary between +0.7 and +0.9 for U/Z2 ranging from 4.74 to 534 Volt
(from 0.0158 to 1.78 for U in electrostatic unit). Furthermore,  has been found to decrease
from max to 0 when the X-ray energy decreases from 1eU to about 0.1eU or the X-ray wave-
length increases from min to about 10min (Kirkpatrick and Wiedmann 1945).
       Applying the numerical equations proposed by Kirkpatrick and Wiedmann (the K-W
theory),  can be calculated for the ‘white’ X-ray beam generated from an ideally thin Mo tar-
get, which means that  is calculated by ignoring the multiple scattering of incident electron
inside the target. In Fig. 4.12(a),  is plotted with respect to  for U = 20, 30, 40, and 50 kV,
respectively. As expected, max increases from 0.74 to 0.83 when U increases from 20 to 50
kV, i. e. U/Z2 increases from 11.34 to 28.34 V, and  decreases from max to 0 when  in-
creases from min to a value around 10min. Again the numerical calculation of  is rather
complicated. In practice, it has been found that the - curve can be well fit into the sigmoidal
logistical equation in the form of
 
 s






1
21
2 .            (4.63)
For U = 40 kV, the parameters 1, 2, s, and  are determined to be 1.42166, 0.17155,
1.10162, and 0.4826 Å, respectively.
4.4.5.3 Experimental determination of polarisation
      Because the effect of multiple scattering is ignored by the K-W theory, the polarisation of
X-rays generated from a real X-ray tube is likely overestimated by Eqn. (4.63). It is therefore
desirable to quantify the polarisation of an actual X-ray continuum by an experimental
method. In practice,  can be experimentally characterised by the back reflection Laue method
itself. Specifically,  can be determined from the difference in the intensities of equivalent
Laue back reflections, e. g. the equivalent reflections registered on a Laue pattern recorded
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with a [001] oriented -NiAl single crystal as shown in Fig. 4.2 or alternatively with a [001]
oriented Si single crystal. From such a Laue pattern, however,  can be determined only for a
limited number of wavelength points but not over the whole X-ray continuum, because each
group of equivalent reflections corresponds to one wavelength point and the total number of
such groups registered on a Laue pattern is rather limited. Nevertheless, the measurement is of
significance for Laue data reduction, especially because  is determined with the same ex-
perimental setting for collecting Laue intensity data. In other words, () so determined is
exactly what is needed for Laue data reduction.
      The equivalent reflections registered on a Laue pattern as shown in Fig. 4.2 correspond to
the same wavelength B and Bragg angle B, and follow the equivalent tracks passing through
the sample, the air, and the IP. In consequence, except for the polarisation correction factor, all
other factors in association with the reflection intensity, namely the structure factor modulus,
the spectral intensity, the Lorentz factor, the sample self-absorption factor, the air absorption
factor, the detector efficiency, and even the extinction correction factor are truly equivalent for
one group of equivalent reflections. Therefore, the difference in the intensity can only be at-
tributed to the polarisation of the incident X-rays. For instance, if the special equivalent re-
flections h0l, h l0 , 0hl, and 0hl  locate at (x, y), (-x, -y), (y, -x), and (-y, x) on the IP with re-
spect to the IP co-ordinate system, then (B) can be deduced from the difference in the re-
flection intensity according to either of the following two equations
 
   
   BlhBhl
BlhBhl
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B II
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          (4.64a)
or
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21


 ,          (4.64b)
where  can be calculated from the co-ordinates (x, y) according to 
 xyarctan .            (4.65)
Analogously, Eqs. (4.64a) and (b) can also be applied to the other group of special equivalent
reflections hhl, lhh , lhh , and hlh . Furthermore, for the general equivalent reflections hkl,
hkl , khl , khl , khl, khl , hkl , and hkl , if the co-ordinates of the reflection positions are (x1,
y1), (-x1, -y1), (y1, -x1), (-y1, x1), (x2, y2), (-x2, -y2), (y2, -x2) and (-y2, x2), then (B) can be cal-
culated according to either of the following two equations
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and
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 ,          (4.66b)
where
     BlkhBhklB III  11 ,          (4.67a)
     BhlkBlhkB III  12 ,          (4.67b)
     BlhkBkhlB III  21 ,          (4.67c)
     BklhBlkhB III  22 ,          (4.67d)
1 and 2 can be calculated from the co-ordinates (x1, y1) and (x2, y2) according to Eqn. (4.65).
Obviously, the intensity difference diminishes when cos2 or sin2B approaches 0, and (B)
can no longer be properly determined under such circumstances.
      In Fig. 4.12(b), the polarisation parameters (B) experimentally determined by the Laue
method for the X-ray continuum from the real thick target Mo tube operated under U = 40 kV
are presented along with the polarisation parameters () numerically calculated according to
the K-W theory for  the X-ray continuum from an imaginary thin target Mo tube operated also
under U = 40 kV. The decrement of the experimental value from the theoretical prediction is
expected, because of the multiple-scattering effect. On the other hand, the similarity is also
striking. Subsequently, the experimental data is fitted with the sigmoidal logistical equation in
the form of Eqn. (4.63) while fixing s = 1.10162 and  = 0.4826 Å. The least-square curve
well fits with the experimental data after 1 and 2 are determined to be 0.89669 and
0.30149, respectively.
      After the polarisation parameter  is specified for the incident ‘white’ X-ray beam, the
polarisation correction factor p can be readily calculated for each Bragg reflection according to
the corresponding X-ray wavelength B, the Bragg angle B, and the co-ordinates (x, y) of the
reflection position, where (x, y) are measured with respect to the IP co-ordinate system. p is
given by
 


22
22
21 22 cossin
cos
p B
BB


            (4.68)
where  can be calculated according to Eqn. (4.65) (Monaco 1992).
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Fig. 4.12 Polarisation of X-ray continuum from (a) K-W theory (b) experiment
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4.5.5.4 Experimental determination of spectral intensity
      A variety of experimental techniques have been developed for specifying X-ray continua
generated from a variety of X-ray tubes (Gilfrich and Birks 1968, Birks 1969, Brown et al.
1975, Tertian and Broll 1984). However, the required instrumentation is not readily equipped
on the STOE IPDS. Moreover, the X-ray spectrum actually seen by the crystal sample is cor-
related with the specific experimental setting, e. g. the distance between the crystal sample and
the X-ray source. Consequently, it is desirable to measure the spectral distribution with the
same experimental setting as for recording BRLP. The natural candidate is therefore the back
reflection Laue method itself.
      According to Eqn. (4.35), the spectral intensity I0(B) can be derived from the integrated
Laue back reflection intensity IH provided that the corresponding structure factor modulus and
all reflection dependent correction factors can be properly evaluated. In other words, if a back
reflection Laue pattern is recorded with a suitable single crystal, i. e. an ideally imperfect
crystal of known structure, then I0(B) can be determined from IH  according to the following
equation
 
2
2
420
2 HB
B
airsam
e
H
B
F
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pASA
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I










 .            (4.69)
The factor  2Vre  and the beam cross-section S are constant for all Laue back reflections,
therefore have no effect on the form of the spectral distribution and can be left out from the
calculation of  BI 0 . The reflection dependent correction factors in the denominator of Eqn.
(4.69) can all be calculated according to the aforecited formulae. Again  BI 0  is determined
for a limited number of wavelength points, which should nonetheless be sufficient for the veri-
fication of the theoretical prediction.
      In practice, a standard Laue back reflection pattern can be recorded with a standard Si sin-
gle crystal (diamond structure, space group Fd3 m) or even with a -NiAl single crystal, be-
cause the structure factor of Si crystal has been discussed in many standard textbooks, e. g. C.
Kittel’s Introduction to Solid State Physics (1996), and the crystal structure of -NiAl is also
well known (Bradley and Taylor 1937, Cooper 1963a, Hughes et al. 1971, Taylor and Doyle
1972, Georgopoulos and Cohen 1977, Kogachi et al. 1992, Xiao and Baker 1994, Faber 1996).
Fig. 4.13 shows the spectral intensities determined from a BRLP of a Si single crystal for the
Siemens Mo X-ray tube operating at 40 kV, and the theoretical spectral distribution is also
presented. Apparently the experimental measurement fits well with the theoretical prediction.
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Fig. 4.13 Experimental X-ray continuum
4.5.6 Laue data reduction
      Based on the preliminary processing of the back reflection Laue pattern, the reflection in-
dices H = hkl, the reflection position (x, y), the Bragg angle B, and the corresponding X-ray
wavelength B can all be precisely determined for a specific Laue back reflection as discussed
in Section 4.3. Subsequently, the actual reflection peak is centred once again, the peak size is
determined, and the reflection intensity IH is integrated as discussed in Section 4.4. According
to the formulations established in this section, the correction factors, i. e. the sample and the
air absorption factors Asam and Aair, the detector efficiency , the spectral intensity  BI 0 , the
Lorentz factor L, and the polarisation correction factor p can all be properly evaluated. The
extinction correction, if necessary, is going to be incorporated with the structure refinement
procedure. The square of a relative structure factor amplitude 2
relH
F  can now be calculated
according to 
  LpAAI
I
F
airsamB
H
relH 0
2
 ,            (4.70)
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while 
relH
F  is related to the absolute structure factor amplitude HF  through a reflection
independent constant K by the simple relationship HrelH FKF  . Finally, a data file can be
created, e. g. a so-called .hkl file which lists basically the indices, the square of the relative
structure factor amplitude, and the corresponding wavelength for each single Laue reflection.
Based on such a data file the structure refinement can be carried out using a refinement pro-
gram, e. g. the well-known program SHELXL-97 (Sheldrick 1997).
      Caution has to be taken for the reduction of the intensities of certain Laue reflections when
the corresponding X-ray wavelengths are near to some special points, e. g. the absorption edge
and the characteristic lines of the target material of the X-ray tube, because the relevant
correction factors change their values abruptly at such wavelength points. For instance, the
peak intensity of the Mo K line could be two orders of magnitude higher than the
corresponding spectral intensity (Dyson 1973, Arndt 1992a, Monaco 1992). Moreover, when
an absorption edge is crossed over, the value of a relevant correction factor C drops abruptly
from C1 to C2 with   121 CCC   normally in the order of a few tens percent, e. g.  is
around 37% for the sample absorption correction factor Asam of the near stoichiometric NiAl
compound on the different sides of Ni K absorption edge. In Table 4.5, the relevant
absorption edges are listed along with  of the relevant correction factors, where I0()
corresponds to U = 40 kV and Asam corresponds to the stoichiometric -NiAl. In short,
because of the finite uncertainty in the determination of the X-ray wavelength for a Laue
reflection, the uncertainty in the related correction factor could be extremely high when the
wavelength is near to the Mo K or K line or any of the absorption edges listed in Table 4.5.
Therefore special attention has to be paid to the relevant 2
relH
F  because the error could be
abnormally high. On the other hand, the concentration of Fe in the crystal sample and the
concentration of Eu in the phosphor crystal are very low so that the discontinuities on the
 compound - curves are effectively smoothed out in spite of the prominent discontinuities
on the  element - curves at the K absorption edges of Fe and Eu. Consequently, no special
care has to be taken for the reduction of Laue intensity data when B is approaching the
absorption edges of Fe and Eu. Moreover, the discontinuity of Aair at the K absorption edge of
Ar and the discontinuity of Asam at the K absorption edge of Al need not to be considered for
the Laue data reduction, because the corresponding wavelengths (3.8707 and 7.9511 Å) are
effectively outside the wavelength range of the continuous spectrum of the primary X-ray
beam.
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Table 4.5 Relative differences of correction factors at absorption edges
A.E.  (Å) C.F.  (%)
Mo K 0.61977 I0() 13
Ni K 1.488 Asam 37
Br K 0.91995 ip 43
Ba K 0.33137 ip 68
Ba L1 2.07027 ip 11
Ba L2 2.20471 ip 22
Ba L3 2.36295 ip 51
A.E.: absorption edge; C.F.: correction factor
4.6 Structure refinement with SHELXL-97
      The structure refinement is carried out with the program SHELXL-97 (Sheldrick 1997).
The program refines the structure parameters through minimising 
 
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            (4.71)
with the least-squares method, where 2
cH
F  is the square amplitude of the calculated structure
factor and w is the weighing factor. A special weighing scheme is adopted by the program
SHELXL-97 in order to reduce statistical bias, and the weighing factor w is defined as
    BoH sinedbPaPFqw  
222 ,            (4.72)
while the parameter definition can be found in literature (Wilson 1976, Sheldrick 1997).
      Another quantity R1 is often quoted for characterising the structure refinement, while R1 is
defined as

 

oH
cHoH
F
FF
R1 .            (4.73)
4.6.1 Calculated structure factor
      A proper analytical relationship between 2
cH
F  and the structure parameters is essential for
the structure refinement. The B2 ordered structure is referred to the cubic unit cell with two
atoms of different types occupying the corner and the centre of the unit cube, or a(0 0 0) and
b(½ ½ ½) sites, respectively. For perfectly B2 ordered NiAl compound with Ni atom on a site
and Al atom on b site, the structure factor FH is given by
 lkhefefF AlNi MAl
M
NiH 

cos            (4.74)
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where H stands for the reflection indices hkl, f is the atomic form factor, and Me  accounts for
the intensity attenuation due to thermal vibration. 
      For imperfect -NiAl containing point defects, i. e. vacancies and antistructure defects on
both a and b lattice sites, the structure factor is in general given by 
     lkhNNeflkhNNefF bAlaAlMAlbNiaNiMNiH AlNi    coscos            (4.75)
where the site occupancies aNiN , 
a
AlN , 
b
NiN , and 
b
AlN  as well as 
a
VN  and 
b
VN  have already been
defined in Section 3.1. Subsequently, the fundamental and the superlattice structure factors
corresponding to even and odd h + k + l are given by
   bAlaAlMAlbNiaNiMNiH NNefNNefF AlNi            (4.76a)
and
   bAlaAlMAlbNiaNiMNiH NNefNNefF AlNi   .          (4.76b)
      Eqs. (4.75) and (4.76) can be readily modified to cater for the calculation of the structure
factor of Fe doped -NiAl, e. g. the fundamental and the superlattice structure factors are
given by
     bFeaFeMFebAlaAlMAlbNiaNiMNiH NNefNNefNNefF FeAlNi            (4.77a)
and
     bFeaFeMFebAlaAlMAlbNiaNiMNiH NNefNNefNNefF FeAlNi   .          (4.77b)
      Instead of determining the correction factor e-M, the program SHELXL-97 actually refines
the components of a symmetric second-rank tensor Uij which defines general anisotropic
thermal vibration in the form of

 

3
1
3
1
22
i j
jiji HUHM             (4.78)
where (H1, H2, H3) = ( ha , kb , lc ), hkl are the reflection indices, and a , b , c  are the
base vector amplitudes of the reciprocal lattice (Sheldrick 1997). Furthermore, M can be ex-
pressed as
2
2
228
B
B
H
sin
UM


            (4.79)
where 224 BBsin   is the square of the reciprocal vector amplitude and 
2
HU  is the mean
square amplitude of the thermal vibration parallel to the corresponding reciprocal vector.
      In general, the symmetric second-rank tensor Uij is uniquely defined by six parameters, i.
e. U11, U22, U33, U23, U13, and U12. However, when the thermal vibration is isotropic, only one
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parameter, a reflection independent mean square amplitude of thermal vibration 2U  is needed
to define Uij, i. e. U12 = U21 = U23 = U32 = U13 = U31 = 0, U11 = U22 = U33 = 2U . Subsequently
M is given by
2
2
228
B
BsinUM


            (4.80)
for correcting the intensity attenuation due to the isotropic thermal vibration. In the case of B2
ordered NiAl compound, the thermal vibration of either Ni or Al atom in -NiAl crystal lattice
is often considered isotropic and site independent (Hughes et al. 1971, Georgopoulos and
Cohen 1977, Faber 1996), therefore FH is related to the mean square amplitudes of thermal
vibration of Al and Ni atoms represented by 2AlU  and 
2
NiU . As for iron doped -NiAl(Fe), a
separate refinement of the mean square amplitude of thermal vibration of Fe atom 2FeU  is un-
stable. Consequently 2FeU  is normally set to equal to 
2
NiU  throughout the structure refinement.
      Evidently FH is a real number if the atomic form factors fAl, fFe, and fNi are real, i. e. if the
anomalous-scattering is neglected. However, shall the real and imaginary dispersion correc-
tions 'f  and ''f  be taken into account, then the atomic form factor f is in general a complex
number with
''' fifff   0 ,            (4.81)
and so is FH. Moreover, the ‘normal’ coherent scattering factor f0 is a function of momentum
transfer between the incident and the scattered X-ray photon, whereas 'f  and ''f  are func-
tions of X-ray energy. For an atom ranging from hydrogen to transuranium, f0 has been tabu-
lated with respect to  sin , while 'f  and ''f  have been tabulated with respect to X-ray
energy or wavelength (Creagh and McAuley 1992, Maslen et al. 1992, Chantler 1995). Con-
sequently the atomic form factors of Al, Fe, and Ni can all be properly calculated after B and
B are determined for a specific Laue reflection.
       2
cH
F , the square of the amplitude of FH can hence be explicitly expressed in terms of the
site occupancies aAlN , 
a
FeN , 
a
NiN , 
b
AlN , 
b
FeN  and 
b
NiN , and the mean square amplitudes of the
displacement factors of Al, Fe and Ni atoms 2AlU , 
2
FeU  and 
2
NiU , and the parameter refine-
ment can be readily performed with the least-squares method.
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4.6.2 Data file preparation and parameter initialisation
      In order to carrying out structure refinement with program SHELXL-97, two data files, i.
e. a refinement instruction file (.ins file) and a reflection data file (.hkl file) have to be estab-
lished (Sheldrick 1997).
      As presented in Appendix D, the .hkl file lists h, k, l, 2
oH
F ,  22
oH
F , batch number, and
B for all single Laue reflections registered on the BRLP. The co-ordinates (x, y) of the reflec-
tion position with respect to the IP co-ordinate system are not listed in the .hkl file, because
they are not needed for structure refinement. On the other hand, the Bragg angle B is actually
needed for calculating 2
cH
F , but is also not listed in the .hkl file. Nonetheless, B can be de-
duced from hkl, B, and the lattice parameter a according to the Bragg’s law. In short, the .hkl
file contains sufficient information for carrying out structure refinement.
      The lattice parameter, the lattice type, the symmetry operations, and the unit cell configu-
ration are included in the .ins file. Furthermore, the .ins file contains the instructions for car-
rying out least-square fitting, e. g. the type of the reflection data file to be input, the weighing
scheme to be applied, the parameters to be refined, the constraints and restraints to be im-
posed, and the number of cycles of full-matrix least-square refinement to be performed. For
the structure refinement using the Laue intensity data in particular, the wavelength dependent
dispersion corrections 'f  and ''f  have to be defined for all compositional elements by list-
ing 'f  and ''f  for a sufficient number of wavelength points. A typical .ins file is presented
in Appendix E.
      One aim of structure refinement is to determine the displacement factors of Al and Ni at-
oms in -NiAl, which is of significance for the study of the influence of high temperature
creep upon the crystal structure because X-ray diffraction measurement indicates that both
2
AlU  and 
2
NiU  are correlated with the defect structure (Hughes et al. 1971). Because 
2
cH
F  is
not a linear function of 2AlU  or 
2
NiU , the parameter initialisation is then important for the
least-square refinement. In general, the thermal vibrations of Ni and Al atoms in -NiAl crys-
tal are considered to be isotropic, and both 2AlU  and 
2
NiU  are assumed to be independent of
lattice site (Hughes et al. 1971, Georgopoulos and Cohen 1977, Faber 1996). In practice, 2AlU
and 2NiU  are initialised with the values determined from the structure refinement based on the
intensity data collected on the four-circle diffractometer with the crystal sample of similar
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chemical composition, and 2FeU  is set equal to 
2
NiU . Note that displacement factors, apart
from thermal vibrations, generally include static displacements due to local distorsions.
      The other aim of structure refinement is to determine the site occupancies. The starting
unit cell can be set up based on NAl, NFe, and NNi, the numbers of Al, Fe, and Ni atoms per unit
cell derived from the lattice parameter and the mass density. In general, the Wyckoff sites a
and b are occupied by a total of NAl + NFe + NNi atoms. Specifically, the b site is filled accord-
ing to priority by Al, Fe, and Ni atoms in success, and the a site is then occupied by the atoms
left. More specifically, the initialisation of aAlN , 
a
FeN , 
a
NiN , 
b
AlN , 
b
FeN  and 
b
NiN  shall fall into
one of the following five categories:
      1. If NAl  1, then 1bAlN , 0
b
FeN , 0
b
NiN , 1 Al
a
Al NN , Fe
a
Fe NN  , Ni
a
Ni NN  ;
      2. If NFe + NNi  1 and NFe + NAl  1, then Al
b
Al NN  , Al
b
Fe NN  1 , 0
b
NiN , 0
a
AlN ,
AlFe
a
Fe NNN  1 , Ni
a
Ni NN  ;
      3. If NFe + NNi  1 and NFe + NAl < 1, then Al
b
Al NN  , Fe
b
Fe NN  , FeAl
b
Ni NNN  1 ,
0AlN , 0
a
FeN , FeAlNi
a
Ni NNNN  1 ;
      4. If NFe + NNi < 1, NAl < 1, and NFe + NAl  1, then Al
b
Al NN  , Al
b
Fe NN  1 , 0
b
NiN ,
0aAlN , AlFe
a
Fe NNN  1 , Ni
a
Ni NN  ;
      5. If NFe + NNi < 1, NAl < 1, and NFe + NAl < 1, then Al
b
Al NN  , Fe
b
Fe NN  ,
FeAl
b
Ni NNN  1 , 0
a
AlN , 0
a
FeN , FeAlNi
a
Ni NNNN  1 .
4.6.3 Structure refinement; results and discussions
4.6.3.1 Refinement of 2NiU  and 
2
AlU
      After aAlN , 
a
FeN , 
a
NiN , 
b
AlN , 
b
FeN  and 
b
NiN  are assigned according to unit cell contents de-
rived from the combined lattice parameter and mass density measurement, the so-called site
occupation factors (s.o.f) (Sheldrick 1997) are then fixed. The structure refinement is started
with the refinement of 2NiU  and 
2
AlU , while 
2
FeU  is always coupled to 
2
NiU . The results are
listed in Table 4.6 where NL.P. is a serial number implemented to distinguish the different
Laue patterns and Nhkl is the number of non-equivalent reflections used for structure refine-
ment. Furthermore, the serial number NL.P. is presented in the form of nXT or nXT* which indi-
cates that the Laue pattern is the nth pattern recorded with a sample from crystal X (A, B, C, or
D) deformed at T (1473, 1573, or 1673) Kelvin, T = 0 indicates the pattern is recorded before
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the creep test, and the superscript * indicates the pattern is recorded with a dummy sample
which is laid immediately beside the creep sample during the high temperature creep test but
is nonetheless not deformed.
Table 4.6 2NiU  and 
2
AlU  (Å
2)
NL.P. 2
NiU
2
AlU Nhkl R1
1A0 0.0057(2) 0.0046(2) 26 0.0611
1A1473 0.0071(4) 0.0058(4) 26 0.0750
2A1473 0.0057(3) 0.0048(3) 33 0.0725
1A1573 0.0059(3) 0.0053(3) 30 0.0629
1A1673 0.0086(4) 0.0061(4) 30 0.0947
2A1673 0.0080(3) 0.0051(3) 28 0.0781
1B0 0.0063(2) 0.0057(3) 26 0.0565
1B1473 0.0058(3) 0.0055(4) 32 0.0679
2B1473 0.0066(2) 0.0059(3) 40 0.0583
1B1573 0.0068(2) 0.0060(3) 34 0.0740
2B1573 0.0063(2) 0.0060(3) 45 0.0664
3B1573 0.0072(3) 0.0050(3) 39 0.0758
4B1573 0.0086(3) 0.0065(4) 31 0.0945
5B1573 0.0085(3) 0.0060(3) 33 0.0853
6B1573 0.0070(3) 0.0066(3) 33 0.0709
1B1573* 0.0065(2) 0.0063(3) 33 0.0643
2B1573* 0.0064(3) 0.0058(3) 36 0.0802
1B1673 0.0064(2) 0.0055(2) 37 0.0588
1C0 0.0064(3) 0.0053(3) 26 0.0736
1C1473 0.0066(3) 0.0055(3) 27 0.0810
2C1473 0.0061(3) 0.0055(4) 24 0.0658
1C1573 0.0073(3) 0.0060(4) 34 0.0747
2C1573 0.0105(4) 0.0069(4) 25 0.0836
1C1673 0.0068(2) 0.0060(3) 34 0.0582
2C1673 0.0076(3) 0.0056(4) 30 0.0769
1D0 0.0062(2) 0.0055(2) 26 0.0579
1D1473 0.0064(2) 0.0055(3) 33 0.0700
2D1473 0.0069(3) 0.0056(3) 29 0.0851
1D1573 0.0070(4) 0.0059(4) 26 0.0885
2D1573 0.0073(2) 0.0059(3) 29 0.0749
1D1673 0.0092(4) 0.0075(5) 27 0.0728
2D1673 0.0069(3) 0.0056(4) 33 0.0865
      Before high temperature creep test, 2NiU  and 
2
AlU  are at the lowest level for the nominal
stoichiometric crystal A, and increase when the Ni concentration increases in crystal B and D
and when iron is doped in crystal C and D, which is in agreement with the previous results
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based either on powder data (Hughes et al. 1971) or single crystal data (Georgopoulos and
Cohen 1977, Faber 1996) and can in principle be linked to the point defect structure of B2
ordered NiAl. In fact, it has been speculated that the introduction of point defects, either Ni
antistructure defects in Ni-rich phase or Ni vacancies in Al-rich phase, create more room for
lattice vibration, as both defects are of relatively smaller sizes.
      Both 2NiU  and 
2
AlU  could increase significantly after the crystals are deformed at high
temperatures. The increment of 2NiU  and 
2
AlU  is associated with the Laue patterns showing
Laue asterism, e. g. the pattern shown in Fig. 4.3(b), rather than with the Laue patterns show-
ing sharp Laue reflections, e. g., the pattern shown in Fig. 4.3(a). Furthermore, the increment
of 2NiU  and 
2
AlU  is not observed for the dummy sample. Therefore the increment of 
2
NiU  and
2
AlU  is truly due to high temperature creep test, or more specifically due to the small angle
grain boundaries developed during the high temperature [001] creep compression. Unfortu-
nately, it has not yet been verified whether the 2NiU  and 
2
AlU  increase after non-[001] defor-
mation or not. The study would be interesting because the subgrain structure in the non-[001]
deformed single crystals is reported to be not so prominent as in the [001] deformed single
crystals (Forbes et al. 1993, 1996).
      2NiU  is unanimously greater than 
2
AlU , which is in contrast to the results of early powder
experiments (Cooper 1963, Hughes et al. 1971), but is in agreement with the results of more
recent single crystal measurements (Georgopoulos and Cohen 1977, Faber 1996). Fox and
Tabbernor (1991) have critically reviewed the results in the first three publications, and have
concluded that the Debye-Waller factors, i. e. 228 UB  , from Georgopoulos and Cohen
(1977) determined by including many high-angle Bragg reflections for structure refinement
are more accurate. Furthermore, a recent molecular dynamic simulation also concluded that
2
NiU  > 
2
AlU  for the thermal vibration of Ni and Al atoms in perfectly B2 ordered NiAl at room
temperature, because the effect of atom mass on the amplitude of thermal vibration is counter-
balanced due to the fact that the high frequency optical branch is dominantly filled by Al states
and the low frequency acoustic branch is mainly occupied by Ni states (Gumbsch and Finnis
1996). The consistency of 2NiU  and 
2
AlU  determined from the Laue back reflection intensity
data with 2NiU  and 
2
AlU  determined from recent experimental and theoretical studies indicates
the reliability of Laue back reflection intensity data.
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      The relationship either between 2U  determined for off-stoichiometric NiAl and that for
near-stoichiometric NiAl, or between 2U  determined after the high temperature creep test and
that before the test, or between 2NiU  and 
2
AlU  is in agreement with the results of previous sin-
gle crystal measurements. Nevertheless, the absolute values of 2NiU  and 
2
AlU  determined from
the BRLPs are lower than what determined by the measurement on the four-circle diffracto-
meter (Faber 1996). The discrepancy might results from the facts that the BRLPs are recorded
with the bulk single crystals and register only high angle reflections with 2 > 114°, as hinted
by Fox and Tabbernor (1991).
4.6.3.2 Refinement of aAlN  in Al-rich phase and 
b
NiN  in Ni-rich phase
      The refinement is normally unstable when all site occupancies aAlN , 
a
FeN , 
a
NiN , 
b
AlN , 
b
FeN
and bNiN  are refined independently and simultaneously. Alternatively, 
a
AlN , 
a
FeN , 
a
NiN , 
b
AlN ,
b
FeN  and 
b
NiN  are refined with certain restrains. Specifically, 
a
FeN  and 
b
FeN  are fixed according
to the scheme discussed in Section 4.6.2, while for the Al-rich phase bAlN  and 
a
TM
a
Al NN   are
both set equal to 1, and for the phase rich in transition metal aTMN  and 
b
TM
b
Al NN   are both set
equal to 1. Afterwards, aAlN  is refined for Al-rich phase and 
b
NiN  for Ni-rich phase, while 
a
AlN
and bNiN  are listed in Table 4.7
      After the uncertainties which are listed also in Table 4.7 are taken into account and some
simple calculations are performed according to bAl
a
AlAl NNN   and 
b
Ni
a
NiNi NNN  , it is
not difficult to verify that the unit cell contents derived from structure refinement are in gen-
eral consistent with those derived from the combined lattice parameter and the mass density
measurements, which indicates further that the structure refinement can be based on the Laue
back reflection intensity data. Nevertheless, the refinement excludes vacancy defects from
occupying either lattice site, consequently can not answer the questions like whether the com-
positional vacancies exist in Al-rich alloys and whether the high temperature creep test intro-
duces excessive vacancy defects inside the iron doped -NiAl(Fe). Therefore the structure
refinement has to be performed after certain restrains are relaxed or modified.
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Table 4.7 aAlN  in Al-rich phase and 
b
NiN  in Ni-rich phase
NL.P. aNiN
a
AlN
b
NiN
b
AlN
a
FeN
b
FeN R1
1A0 0.992(33) 0.008(33) 0 1 0.0610
1A1473 0.966(53) 0.034(53) 0 1 0.0757
2A1473 0.971(43) 0.029(43) 0 1 0.0716
1A1573 1 0 0.001(14) 0.999(14) 0.0631
1A1673 1 0 0.009(19) 0.991(19) 0.0947
2A1673 1 0 0.003(18) 0.997(18) 0.0783
1B0 1 0 0.012(11) 0.988(11) 0.0567
1B1473 1 0 0.011(16) 0.989(16) 0.0678
2B1473 1 0 0.011(12) 0.989(12) 0.0583
1B1573 1 0 0.013(12) 0.987(12) 0.0739
2B1573 1 0 0.014(11) 0.986(11) 0.0664
3B1573 1 0 0.014(16) 0.986(16) 0.0762
4B1573 1 0 0.020(19) 0.980(19) 0.0948
5B1573 1 0 0.029(16) 0.971(16) 0.0842
6B1573 1 0 0.012(13) 0.988(13) 0.0709
1B1573* 1 0 0.016(12) 0.984(12) 0.0641
2B1573* 1 0 0.014(12) 0.986(12) 0.0802
1B1673 1 0 0.031(11) 0.969(11) 0.0594
1C0 0.997(37) 0.003(37) 0 1 0.002 0 0.0734
1C1473 0.979(42) 0.019(42) 0 1 0.002 0 0.0811
2C1473 0.990(57) 0.008(57) 0 1 0.002 0 0.0655
1C1573 1 0 0.007(17) 0.991(17) 0 0.002 0.0749
2C1573 1 0 0.004(25) 0.994(25) 0 0.002 0.0836
1C1673 1 0 0.021(14) 0.977(14) 0 0.002 0.0839
2C1673 1 0 0.000(19) 0.998(19) 0 0.002 0.0759
1D0 1 0 0.008(11) 0.989(11) 0 0.003 0.0639
1D1473 1 0 0.001(11) 0.996(11) 0 0.003 0.0700
2D1473 1 0 0.004(15) 0.993(15) 0 0.003 0.0850
1D1573 1 0 0.002(18) 0.995(18) 0 0.003 0.0884
2D1573 1 0 0.011(14) 0.986(14) 0 0.003 0.0746
1D1673 1 0 0.023(23) 0.974(23) 0 0.003 0.0730
2D1673 1 0 0.025(18) 0.972(18) 0 0.003 0.0865
4.6.3.3 Antistructure defect versus compositional vacancy in Al-rich phase
      In order to find out whether the compositional vacancies exist in Al-rich alloys or not, the
restrain aTM
a
Al NN   = 1 has to be relaxed. However, the least-square refinement is often unsta-
ble when aAlN  is refined separately. Therefore, the structure refinement is performed after
fixing aAlN . For instance, 
a
AlN  can be set to equal to 0 in accordance with the TDS model, and
a
NiN  is then refined for the samples predicted Al-rich by the combined lattice parameter and
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mass density measurements and by the EPMA measurement. The results are listed in Table
4.8 along with the results based on the restrain aTM
a
Al NN   = 1.
Table 4.8 Antistructure defects versus compositional vacancies in Al-rich crystals
NL.P. aNiN
a
AlN
b
NiN
b
AlN
a
FeN
b
FeN R1
1A0 0.992(33) 0.008(33) 0 1 0.0610
1A0 0.996(22) 0 0 1 0.0611
1A1473 0.966(53) 0.034(53) 0 1 0.0757
1A1473 0.979(35) 0 0 1 0.0758
2A1473 0.971(43) 0.029(43) 0 1 0.0716
2A1473 0.977(29) 0 0 1 0.0714
1C0 1.000(37) 0.000(37) 0 1 0.002 0 0.0734
1C0 0.998 0 0.000(13) 1.007(13) 0.002 0 0.0739
1C0 0.998 0 0 0.997(25) 0.002 0 0.0734
1C0 1.006(12) 0.000(12) 0 0.998 0 0.002 0.0734
1C0 1.008(25) 0 0 0.998 0 0.002 0.0734
1C1473 0.979(42) 0.019(42) 0 1 0.002 0 0.0811
1C1473 0.984(28) 0 0 1 0.002 0 0.0811
1C1473 0.989(29) 0 0 0.998 0 0.002 0.0811
2C1473 0.990(57) 0.008(57) 0 1 0.002 0 0.0655
2C1473 0.988(38) 0 0 1 0.002 0 0.0650
2C1473 0.996(39) 0 0 0.998 0 0.002 0.0650
      For the binary Al-rich -NiAl, the Al atomic concentrations determined from the refine-
ment based on the restrain aAlN  = 0 fits better with the combined lattice parameter and mass
density measurements and the EPMA measurement, either before or after high temperature
creep test. Therefore the structure refinement seems in support of the existence of the compo-
sitional vacancies in Al-rich -NiAl. However, the existence of Al antistructure defects can
not be completely ruled out, because the refinement does be successfully performed under the
restrain aNi
a
Al NN   = 1. Moreover, although the Al concentration derived under the condition
a
Ni
a
Al NN   = 1 would be much higher than what is predicted by the combined lattice parameter
and mass density measurements and the EPMA measurement, the discrepancy can be con-
trolled by fixing aAlN  to a smaller but non-zero value.
      The case of ternary iron doped Al-rich -NiAl(Fe) is more complicated. For Al-rich -
NiAl(Fe) before high temperature creep test, the refinement under the conditions bAlN  = 1,
b
TMN  = 0, and 
a
TM
a
Al NN   = 1 leads to a controversial result, i. e. 
a
Al
a
Fe
a
Al NNN   > 1, and the
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same for the refinement under the conditions bTM
b
Al NN   = 1  and 
a
TM
a
Al NN   = 1 or under the
conditions bTM
b
Al NN   = 1 and 
a
AlN  = 0. Moreover, the refinement under the conditions 
a
TMN
= 1, aAlN  = 0 and 
b
TM
b
Al NN   = 1 leads to the other unreasonable result, i. e. 
b
Al
b
Fe
b
Al NNN 
> 1. On the other hand, the refinement under the conditions aTMN  = 1, 
a
AlN  = 0 and 
b
TMN  = 0
leads to a relatively reasonable result, i. e. bAlN  = 0.997 and 
b
VN  = 0.003. As a matter of fact,
the refinement also leads to reasonable results when the restrains 11 
a
TMN , 2
a
AlN  and
b
TMN  = 0 are imposed while 1 and 2 are both small numbers with 1  2. Therefore in the
iron doped Al-rich -NiAl(Fe) before creep test, the creation of transition metal substitutes is
an unlike possibility, the vacancies are more likely on the Al lattice site, while the composi-
tion may be balanced by the creation of Al antistructure defects.
      For deformed Al-rich -NiAl(Fe), the refinement under the conditions bAlN  = 1, 
b
TMN  = 0,
and aTM
a
Al NN   = 1 leads to a Al concentration too high to fit with the combined lattice pa-
rameter and mass density measurements and the EPMA measurement, and the same for the
refinement under the conditions bAlN  = 1, 
b
TMN  = 0, and 
a
AlN  = 0. Reasonable results might be
derived from the refinement under the conditions 11 
b
AlN , 2
b
TMN  while 1 and 2 are
both small numbers with 1  2. Therefore in deformed Al-rich -NiAl(Fe), transition metal
atoms might occupy Al lattice sites and the composition is also balanced by the creation of Al
antistructure defects.
      In summary, for binary Al-rich -NiAl, both vacancies and Ni antistructure defects shall
be avoided from occupying Al lattice sites, but both vacancies and Al antistructure defects
might occupy Ni lattice sites. Nevertheless, the composition is more likely be balanced by the
creation of vacancies on Ni lattice sites. The transition metal substitutes shall also be avoided
for iron doped Al-rich -NiAl(Fe) before deformation, but seem to be acceptable after the
creep test. In any case, both vacancies and Al antistructure defects could occupy Ni lattice
sites, and the composition well could be balanced by the creation of Al anti-structure defects.
Therefore according to the structure refinement based on the Laue back reflection intensity
data, the TDS model seems hold for binary -NiAl but not for ternary -NiAl(Fe), and the
high temperature creep does have certain influence upon the defect structure of ternary -
NiAl(Fe), i. e. the transition metal substitutes might be tolerated after high temperature creep.
4. Structure refinement with the back reflection Laue method
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4.6.3.4 Excessive vacancies in -NiAl(Fe) due to high temperature creep
      The creation and migration of thermal vacancies are key to the high temperature creep of
NiAl compound, as the activation energy for creep, the activation energy for diffusion, and the
sum of the vacancy formation energy and the vacancy migration energy are approximately
equal with each other (Wasilewski 1967, Hancock and McDonnell 1971, Bevk et al. 1973,
Yang and Dodd 1974, Parthasarathi and Fraser 1984, Forbes et al. 1993, 1996, Frank et al.
2001). The concentration of vacancies introduced into the stoichiometric NiAl increases from
0.3 to 0.6% when the quench temperature increases from 1473 to 1623 K(Wasilewski 1967),
and the concentration of the quenched-in thermal vacancies is sensitive to alloying addition, e.
g. the NiAl compound with 0.05 at% carbon addition is reported to retain up to 0.8% thermal
vacancies after being quenched from 1573 K (Yang and Dodd 1974). Nevertheless, little is
known about the concentration of vacancies left in the -NiAl sample after the sample is plas-
tically deformed at high temperature and naturally cooled to room temperature. The unit cell
contents derived from the lattice parameter and the mass density seems indicating that a sig-
nificant level of vacancies is retained but only in the iron doped -NiAl(Fe) single crystal
samples deformed at temperatures higher than 1573 K.
Table 4.9 Refinement of site occupancies for -NiAl(Fe) samples deformed at 1673 K
NL.P. aNiN
a
AlN
b
NiN
b
AlN
a
FeN
b
FeN R1
1C1673 1 0 0.021(14) 0.977(17) 0 0.002 0.0836
1C1673 0.996(28) 0 0.021 0.977 0 0.002 0.0838
1C1673 1 0 0.021 0.981(29) 0 0.002 0.0838
2C1673 1 0 0.000(19) 0.998(19) 0 0.002 0.0759
2C1673 0.999(32) 0 0.000(19) 0.998(19) 0 0.002 0.0760
2C1673 1 0 0.000 0.999(32) 0 0.002 0.0760
1D1673 1 0 0.023(23) 0.974(23) 0 0.003 0.0730
1D1673 0.994(38) 0 0.023 0.974 0 0.003 0.0734
1D1673 1 0 0.023 0.981(40) 0 0.003 0.0734
2D1673 1 0 0.025(18) 0.972(18) 0 0.003 0.0865
2D1673 1.000(32) 0 0.025 0.972 0 0.003 0.0865
2D1673 1 0 0.025 0.972(34) 0 0.003 0.0865
      In order to find out whether excessive vacancies are left in the iron doped -NiAl(Fe) after
high temperature creep test, the restrain aTMN  = 1, or the restrain 
b
TM
b
Al NN   = 1, or both have
to be relaxed for performing structure refinement. Subsequently, the structure refinement is
performed under the condition aTMN  = 1 or 
b
TM
b
Al NN   = 1, and the results are listed in Table
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4.9. The refinement of bAlN  under the condition 
a
TMN  = 1 shows no indication of vacancies on
Al lattice sites. On the other hand, the refinement of aNiN  under the condition 
b
TM
b
Al NN   = 1
does show certain evidence of vacancies on Ni lattice sites. Furthermore, the creation of va-
cancy seems related to the increment of 2NiU  and 
2
AlU , because the most significant vacancy
concentration, as well as the increment of 2NiU  and 
2
AlU , is predicted based on the intensity
data collected from the pattern 1D1673 which shows prominent subgrain structure.
4.6.3.5 Refinement of parameters related to Fe atom
      So far the structure refinement has been performed with respect to 2NiU  and 
2
AlU , and to
the site occupancies of Ni and Al atoms under certain conditions. Nevertheless, the least-
square refinement is unstable if the refinement is performed with respect to the parameters
related to Fe atom, i. e. 2FeU  and the site occupancies on both Ni and Al sites. Nevertheless,
the structure refinement on the site occupancies of the iron doped Al-rich -NiAl(Fe) before
deformation is not in favour of any transition metal substitute, therefore the structure refine-
ment is in support of the preference of Ni lattice site for Fe atoms in this particular case, which
is in agreement with the conclusion drawn from the combined lattice parameter and mass den-
sity measurement as discussed in Section 3.5.
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5. The Laue method and the structure of -NiAl; retrospect and prospect
      The main aim of this study is to establish a non-destructive procedure to characterise
quantitatively the influence of high temperature creep upon the structure of -NiAl and -
NiAl(Fe) single crystals. The procedure is actually established following the classic line of X-
ray structure analysis, namely controlling the chemical composition with EPMA measure-
ment, determining the unit cell contents from the combined lattice parameter and mass density
measurements, and refining the structure parameters according to X-ray reflection intensity.
Specifically, two special single crystal X-ray diffraction methods are applied, namely the back
reflection Kossel technique is used for the determination of lattice parameter and the back
reflection Laue method is used for the collection of intensity data, notably both in non-
destructive manner. The key to the whole procedure is the structure refinement based on in-
tensity data collected by the back reflection Laue method. Because it is not a common practice
to integrate reflection intensity using an X-ray continuum and to collect intensity data in back
reflection mode using a bulk single crystal, substantial efforts have been put on working out
ways to calculate the reflection intensity and to evaluate the correction factors.
      All painstaking efforts are paid off at last, as the structure refinement is well performed.
The displacement parameters are successfully refined. 2NiU  is determined to be unanimously
greater than 2AlU , which is in agreement with the most recent single crystal X-ray diffraction
measurements and molecular dynamic simulation. An increment of 2NiU  and 
2
AlU  is also ob-
served for the deformed sample and is correlated with defect structures developed during the
high temperature [001] compression creep test. The site occupancies can also be appropriately
refined after certain restrains are imposed. There is a general agreement between the unit cell
contents derived from the structure refinement and that derived from the combined lattice pa-
rameter and mass density measurements. Moreover, the structure refinement is in favour of
the TDS model for binary -NiAl, but does suggest the existence of Al antistructure defects in
ternary Al-rich -NiAl(Fe). Importantly, the structure refinement indicates the influence of
high temperature creep upon the defect configuration, especially for -NiAl(Fe). The high
temperature creep test seems promoting the creation of antistructure defects on both lattice
sites in Al-rich -NiAl(Fe). After creep at temperatures higher than 1573 K, a relatively higher
vacancy concentration is retained in Ni-rich -NiAl(Fe) and the vacancies are likely located
on Ni lattice sites, which indicates further that vacancy migration is hindered by the Fe alloy-
ing addition and is in corroboration with the activation energy for creep determined by this
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study, as well as the creep resistance and the diffusion coefficient determined by Rudy and
Sauthoff (1985) and by Jung et al. (1987).
      It has to be admitted that the structure refinement is basically helpless for the determina-
tion of the structure parameters related to microalloying Fe atoms. Difficulties are also en-
countered when the number of antistructure defects per unit cell is to be refined independ-
ently. These two problems are not new for the structure refinement of -NiAl and -NiAl(Fe)
single crystals, and are not completely resolved by the structure refinement using the intensity
data collected on the four-circle diffractometer (Faber 1996). In the case of structure refine-
ment using the back reflection Laue method, the problems are even more prominent due to the
incompleteness of the intensity data, not only because the BRLP registers only the high angle
reflections but also because the so-called multiples are excluded from the structure refinement.
Therefore the problems might be partially resolved if the multiples could be included in
structure refinement. However, since the energy overlap can not be resolved by any of the ex-
isting area detectors commonly used for recording Laue pattern, the corresponding structure
factors are difficult, if not impossible, to be deduced from the intensities of multiples, and the
multiples have to be excluded from the structure refinement. On the other hand, as the inten-
sity of a multiple can be generally given by
 
2
1
2
0
n
n
nHairsamBH FLpEAAnkII  ,  (5.1)
where H = hkl stands for the indices of the fundamental reflection and nH = nh nk nl stands for
the indices of the nth harmonic reflection, the intensity IH can then be properly related to the
structure parameters such as the mean square amplitude of thermal vibration and the site oc-
cupancy. Alternatively, the parameters might be determined by searching the best fit between
the observed and the calculated reflection intensities involving all reflections, singles and
multiples. The least-square refinement might be performed with respect to
 


 2
2
2
O
CO II

 ,  (5.2)
where IO and IC stand for the observed and the calculated reflection intensities and O stands
for the standard deviation of IO. The results of the refinement would offer an interesting com-
parison to the results from the refinement using 2HF  but excluding the multiples. The pro-
posed procedure should be able to improve the parameter refinement because more reflections
would be involved in the least-square fitting. Nevertheless, such a refinement would not be a
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true structure refinement, because the refinement would be performed with respect to the re-
flection intensity instead of the structure factor.
Fig. 5.1 Back reflection Laue pattern showing diffused reflections
      The Laue method has also been considered to be a suitable tool for recording and analys-
ing diffuse scattering which is closely related to defect structure and lattice disorder. Because
the diffuse scattering is normally weak and the background level is relatively high on a BRLP,
the normal experiment conditions have to be altered if the weak diffuse scattering is to be
manifested. As already being pointed out, the background on a BRLP may largely be attrib-
uted to the incoherent Compton scattering and to the emission of X-ray fluorescence from the
sample. The latter can be completely eliminated if the energy of the primary X-ray radiation is
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below the K absorption edges of the compositional atoms. Fig. 5.1 shows a Laue pattern re-
corded with U = 8 kV so that the emission of both Ni K and Al K fluorescence is effectively
eliminated. The Laue pattern recorded with a deformed -NiAl sample displays not only the
prominent lattice rotation around [100] Taylor axis but also weak and diffused reflections. The
origin of the diffused reflections is still not clear. Nevertheless, one may speculate that the
diffused reflections are related to a phase associated with point defects as the diffused reflec-
tions seem to accompany the fundamental reflections only. Alternatively, the diffused reflec-
tions might also be associated with grain boundary.
      In summary, the Laue method is used in this study for a comprehensive investigation of -
NiAl single crystals, not only for determining crystal orientation, identifying lattice imperfec-
tion, assisting other X-ray diffraction experiment, but also for collecting reflection intensity
data. The structure refinement based on back reflection Laue intensity data is quite successful.
Finally the potential for future improvement and application has also been discussed.
Appendix

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Appendix A. List of abbreviation and notations
a Lattice parameter of a cubic unit cell
a0 Lattice parameter measured before creep test
ac Lattice parameter measured after creep test
a* Lattice parameter of a reciprocal cubic unit cell
Å Angstrom unit, 1 Å = 10-10 m
a, b Wyckoff positions at (0 0 0), (½ ½ ½) for space group Pm m3
a , b

, c  Base vectors of a general unit cell
a , b

, c  Base vectors of a reciprocal unit cell
Aair Air absorption correction factor
Asam Sample absorption correction factor
A, B, C, D Four single crystals grown with the Bridgeman method of nominal
atomic compositions Ni50.0Al50.0, Ni50.5Al49.5, Ni49.8Al50.0Fe0.2, and
Ni49.85Al49.85Fe0.3, respectively
a, b, c, , ,   Lattice parameter of a general unit cell
ANi, AAl, AFe Relative mass number of Ni, Al, and Fe atoms, respectively
A.E. Absorption edge
ALCHEMI Atom location by channelling-enhanced microanalysis
b Burgers vector
BRLP Back reflection Laue pattern
c Velocity of light; as a subscript: calculated, as in Fc
cAl Concentration of Al content in atomic percentage
cV Vacancy concentration per atomic site
A
Nic , 
A
Alc , 
A
Fec  Atomic concentration of Ni, Al, and Fe contents, respectively
W
Nic ,  
W
Alc ,  
W
Fec  Weight concentration of Ni, Al, and Fe contents, respectively
C.F. Correction factor
cos, cos, cos Direction cosines of a vector in a Cartesian co-ordinate system
d Interplanar spacing
dmin Minimum interplanar spacing of lattice planes from which Bragg re-
flections are effectively registered on a Laue pattern
E Extinction correction factor
Me Overall temperature factor
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Eqn. Equation
Eqs. Equations
EXAFS Extended X-ray absorption fine structure
f Atomic form factor
f0 Coherent atomic scattering factor 
FH Structure factor corresponding to H

HF  Modulus or amplitude of FH
g Extinction correction parameter
h Planck’s constant
H Two-dimensional reciprocal lattice vector
H Modulus or amplitude of H
H

 Reciprocal lattice vector with components h, k, l
Hmax Maximum amplitude of reciprocal lattice vectors corresponding to
which Bragg reflections are effectively registered on a Laue pattern
h, k, l Miller indices
 0I  Spectral intensity of incident ‘white’ X-ray beam at wavelength 
IH Integrated reflection intensity corresponding to H

I Spectral distribution with respect to X-ray wavelength
I Spectral distribution with respect to X-ray frequency 
I, I Partial intensity of X-rays emitted from an X-ray tube with electric
vectors parallel and perpendicular to plane of emission, respectively
IP Imaging plate
IPDS Imaging plate diffraction system
K K absorption edge, or K characteristic line, or overall scaling factor
l Instantaneous length of a creep sample
L Lorentz correction factor
l0 Initial length of a creep sample
m Mass
m0 Atomic mass unit
ma Apparent mass weighed while both sample and standard in air 
ml Apparent mass weighed in immersion liquid
mla Apparent mass weighed while sample in immersion liquid and stan-
dard in air
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n Stress exponent, or order of Bragg reflection
Nhkl Number of non-equivalent reflections used for structure refinement
NV, NNi, NAl, NFe, NTM Number of vacancies, Ni, Al, Fe, and transition metal atoms per unit
cell, respectively
a
VN , 
a
NiN , 
a
AlN , 
a
FeN Number of vacancies, Ni, Al, and Fe atoms on Wyckoff site a per unit
cell, respectively
b
VN , 
b
NiN , 
b
AlN , 
b
FeN Number of vacancies, Ni, Al, and Fe atoms on Wyckoff site b per unit
cell, respectively
(NiAl)dislocation A pair of Ni and Al atoms at dislocation core
(NiAl)lattice A pair of Ni and Al atoms on B2 ordered lattice
(Ni,Fe)Al B2   ordered   ternary   Ni-Fe-Al  alloys  of  atomic   composition
Ni50-xFexAl50
NN Nearest neighbour
NNN Next-nearest neighbour
p Polarisation correction factor
PMT Photo-multiplier tube
R Gas constant
re Classic electron radius
RV, RNi, RAl RFe Effective radius of vacancy, Ni, Al, and Fe atom, respectively
S Cross-section of an X-ray beam, or summation of difference between
measured and predicted sin for a Kossel measurement
t Crystal to imaging plate distance
T Absolute temperature
TDS Triple defect structure
TEM Transmission electron microscope
TZM Titanium-zirconium-molybdenum
U High voltage applied on an X-ray tube
Uij Symmetric second-rank tensor defining general anisotropic thermal
vibration
2U  Mean square amplitude of isotropic thermal vibration
2
HU  Mean square amplitude of thermal vibration parallel to H

v Volume of crystal exposed to incident X-ray beam
V Volume of unit cell
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VNi, NiNi, AlNi A vacancy, a Ni atom, and an Al atom on Ni site, respectively
VAl, NiAl, AlAl A vacancy, a Ni atom, and an Al atom on Al site, respectively
w Weighing factor for least-square fitting
xc, yc co-ordinates of Laue pattern centre
Z Atomic number
 Semi-apical angle of a Kossel cone
-NiAl B2 ordered NiAl
-NiAl(Fe) B2 ordered NiAl with Fe micro alloying addition
x, y co-ordinates of Kossel pattern centre
'f , ''f  Real and imaginary dispersion correction factors, respectively
	l Instantaneous displacement during creep test
	Qc Activation energy for creep
	Qd Activation energy for volume self-diffusion

 True strain

T Total strain
  Strain rate
S  Steady state creep rate
 Detector efficiency of imaging plate
y,z misfit angles of imaging plate with respect to y and z axes.
(x, y, z), (x, y, z) Angles of rotation around x, y, and z axes for specifying crystal orien-
tation
 X-ray wavelength
K Weighted average wavelength of 1K and 2K doublet
1
K , 2K  Wavelength of 1K  and 2K  lines, respectively
max Effective long wavelength limit of continuous spectrum
min short wavelength limit of continuous spectrum
p X-ray wavelength at peak of continuous spectrum
, B Bragg angle
 Mass density
0 Mass density of creep sample measured before creep test
a Mass density of air 
c Mass density of creep sample measured after creep test
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l Masss density of immersion liquid
max Maximum mass density of -NiAl if both Wyckoff sites a and b
would be fully occupied
s Mass density of intern standard for balance auto-calibration
 Applied stress
 Linear attenuation coefficient
/ Mass attenuation coefficient
 X-ray frequency
 Polarisation parameter
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Appendix B. List of figures
Fig. 2.1 Back reflection Laue patterns; the compression axes of single crystal samples are (a)
arbitrarily and (b) [001] ‘hard’ oriented
Fig. 2.2 (a) Positioning of a creep sample, (b) Shearing and bulging of creep samples
Fig. 2.3 t  curves for creep at (a) 1473 K, (b) 1573 K, (c) 1673 K
Fig. 2.4 Determination of s  (a) from the slope of t  curve and (b) by the parameter fitting
of t  and t  curves
Fig. 2.5 Tln S 1  plot for determining 	Qc
Fig. 3.1 Mass density prior to creep test
Fig. 3.2 Increment of mass density after creep test
Fig. 3.3 STOE Imaging Plate Diffraction System
Fig. 3.4 Kossel patterns recorded (a) prior to creep test and (b)-(e) after creep test
Fig. 3.5 Co-ordinate system for Kossel measurement
Fig. 3.6 Dependence of S on fitting parameters; (a) lattice parameter a, (b) crystal-to-IP dis-
tance t, (c) co-ordinate of Kossel pattern centre x, and (d) angle of rotation around y
axis for crystal orientation y
Fig. 3.7 Lattice parameter prior to creep test
Fig. 3.8 Decrement of lattice parameter after creep test
Fig. 3.9 Selective depletion of Al content due to high temperature creep; (a) decrement of NAl
and (b) increment of NTM
Fig. 3.10 Influence of high temperature creep upon NV
Fig. 4.1 Ewald construction for illustrating the Laue method
Fig. 4.2 Laue patterns recorded before creep with different U applied across the tube; (a) U =
50 kV, (b) U=40 kV, (c) U=30 kV, and (d) U=20kV
Fig. 4.3 Laue patterns recorded after creep; Laue asterism in (b)-(h) indicates a lattice rotation
dominantly around a [100] Taylor axis
Fig. 4.4 Co-ordinate system for interpreting Laue pattern
Fig. 4.5 Predicted spot position (+) matching perfectly with actual Laue patterns recorded (a)
before creep and (b)-(d) after creep at 1473, 1573, and 1673 K
Fig. 4.6 Searching the maximum 222 lkh 
Fig. 4.7 The overall background distribution of a Laue pattern recorded with single crystal B;
(a) BGI  with respect to  for r = 45 mm; (b) 01 II with respect to r
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Fig. 4.8 Simple box integration procedure (left) and radial summation procedure (right)
Fig. 4.9 Establishment of an imaginary radial-tangential pixel system around peak centre P
Fig. 4.10 Absorption coefficient ip and absorption efficiency abso of the imaging plate
Fig. 4.11 Theoretical continuous spectra from (a) Kramers (1923) and (b) Pella et al. (1985)
Fig. 4.12 Polarisation of the X-ray continuum from (a) K-W theory (b) experiment
Fig. 4.13 Experimental X-ray continuum
Fig. 5.1 Back reflection Laue pattern showing diffused reflections
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Appendix C. List of tables
Table 2.1 Nominal and EPMA compositions of the crystals investigated
Table 2.2 Parameters of  001  compression creep test
Table 2.3 Apparent activation energies for creep (kJ/mol)
Table 3.1 Unit cell contents prior to creep test
Table 3.2 Al concentration (cAl) prior to and after high temperature creep
Table 3.3 Calculated and measured mass densities for crystal C (g/cm3)
Table 4.1 Refined camera parameters
Table 4.2 Refined unit cell parameters
Table 4.3 c0, c1, c2, c3, and c4 for calculating / of Al, Ni, and Fe
Table 4.4 c0, c1, and c2 for calculating ip
Table 4.5 Relative differences of correction factors at absorption edges
Table 4.6 2NiU  and 
2
AlU  (Å
2)
Table 4.7 aAlN  in Al-rich phase and 
b
NiN  in Ni-rich phase
Table 4.8 Antistructure defects versus compositional vacancies in Al-rich crystals
Table 4.9 Refinement of site occupancies for -NiAl(Fe) samples deformed at 1673 K
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Appendix D. An example of reflection data .hkl file
   h    k    l    2F           NB    
  -5  -1   8    2.73    0.23   1  0.5137
  -5   1   8    2.71    0.25   1  0.5134
  -1  -5   8    2.18    0.17   1  0.5139
  -4  -1   7    7.20    0.34   1  0.6129
  -1  -4   7    8.46    0.58   1  0.6131
  -1   4   7    5.44    0.53   1  0.6114
   1  -4   7    5.70    0.23   1  0.6128
   4  -1   7    6.42    0.28   1  0.6118
   4   1   7    6.05    0.43   1  0.6114
  -3  -3   8    3.82    0.28   1  0.5639
   3  -3   8    3.26    0.67   1  0.5632
  -3  -2   7    9.34    0.56   1  0.6525
  -3   2   7    8.92    0.46   1  0.6516
  -2  -3   7    9.97    0.49   1  0.6526
  -2   3   7    8.30    0.21   1  0.6512
   2  -3   7    9.59    0.24   1  0.6520
   2   3   7    9.25    0.23   1  0.6506
   3  -2   7    9.50    0.57   1  0.6516
   3   2   7    9.80    0.23   1  0.6507
  -3  -1   6   18.00    0.31   1  0.7537
  -3   1   6   18.55    0.33   1  0.7531
  -1  -3   6   17.81    0.53   1  0.7539
  -1   3   6   15.67    0.61   1  0.7521
   1  -3   6   17.06    0.24   1  0.7535
   1   3   6   18.26    0.28   1  0.7517
   3  -1   6   18.82    0.56   1  0.7525
   3   1   6   20.15    0.55   1  0.7519
  -3  -1   7    3.47    0.61   1  0.6855
  -3   1   7    2.83    0.39   1  0.6850
  -1  -3   7    2.95    0.23   1  0.6856
  -1   3   7    3.15    0.23   1  0.6842
   1  -3   7    2.25    0.37   1  0.6853
   1   3   7    2.58    0.18   1  0.6839
   3  -1   7    3.57    0.51   1  0.6845
   3   1   7    3.75    0.48   1  0.6840
  -3  -1   8    7.59    0.67   1  0.6245
  -3   1   8    5.20    0.43   1  0.6241
  -1  -3   8    7.42    0.53   1  0.6246
  -1   3   8    6.76    0.59   1  0.6235
   1  -3   8    6.81    0.67   1  0.6244
   1   3   8    6.61    0.53   1  0.6233
   3  -1   8    5.17    0.59   1  0.6238
   3   1   8    8.61    0.65   1  0.6234
  -3   0   5   27.57    0.36   1  0.8496
   0  -3   5   26.53    0.64   1  0.8500
   0   3   5   24.89    0.65   1  0.8475
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   3   0   5   32.31    0.34   1  0.8479
  -3   0   7   11.26    0.48   1  0.6970
   0  -3   7   12.29    0.66   1  0.6973
   0   3   7   12.38    0.72   1  0.6958
   3   0   7   12.05    0.46   1  0.6961
  -3   1   5    5.51    0.25   1  0.8249
  -1  -3   5    6.17    0.21   1  0.8259
   1   3   5    6.19    0.46   1  0.8230
   3  -1   5    6.41    0.22   1  0.8241
   3   1   5    6.78    0.20   1  0.8233
  -2  -2   5    7.91    0.66   1  0.8759
   2  -2   5    8.72    0.32   1  0.8747
   2   2   5    7.84    0.86   1  0.8731
  -2  -1   5   40.50    0.71   1  0.9630
  -2   1   5   40.01    0.47   1  0.9621
  -1  -2   5   44.20    0.97   1  0.9631
  -1   2   5   40.52    0.47   1  0.9613
   1  -2   5   39.66    1.05   1  0.9625
   1   2   5   45.55    1.36   1  0.9607
   2  -1   5   37.83    0.91   1  0.9618
   2   1   5   42.83    1.12   1  0.9608
  -2  -1   6    5.41    0.48   1  0.8454
  -2   1   6    5.42    0.69   1  0.8447
  -1  -2   6    6.30    0.37   1  0.8455
  -1   2   6    5.63    0.64   1  0.8441
   1  -2   6    7.83    0.90   1  0.8451
   1   2   6    5.62    0.72   1  0.8437
   2  -1   6    4.67    0.91   1  0.8445
   2   1   6    5.69    0.41   1  0.8438
  -2  -1   7   15.66    0.76   1  0.7487
  -2   1   7   12.52    0.68   1  0.7482
  -1  -2   7   14.84    0.72   1  0.7488
  -1   2   7   13.78    0.80   1  0.7478
   1  -2   7   15.17    0.68   1  0.7485
   1   2   7   14.75    0.73   1  0.7475
   2  -1   7   16.13    0.56   1  0.7481
   2   1   7   13.52    0.55   1  0.7476
  -2  -1   9    2.43    0.72   1  0.6044
  -2   1   9    3.80    0.44   1  0.6040
  -1   2   9    4.69    0.50   1  0.6038
   2  -1   9    4.22    1.04   1  0.6039
   2   1   9    2.47    0.35   1  0.6036
  -2   0   5    9.90    0.74   1  0.9957
   0  -2   5    9.49    0.79   1  0.9960
   0   2   5   10.03    1.12   1  0.9941
   2   0   5   10.59    0.52   1  0.9944
  -2   0   7    5.50    0.65   1  0.7626
   0  -2   7    4.64    0.91   1  0.7628
   0   2   7    3.56    0.35   1  0.7617
  -2   3   6    5.85    0.18   1  0.7062
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   2   3   6    6.27    0.52   1  0.7055
  -1  -1   5   13.14    0.69   1  1.0700
  -1   1   5   11.36    1.09   1  1.0690
   1  -1   5   12.01    1.00   1  1.0690
  -1  -1   6   33.24    0.93   1  0.9119
  -1   1   6   28.86    0.90   1  0.9112
   1  -1   6   26.47    0.65   1  0.9114
   1   1   6   30.39    0.63   1  0.9107
  -1  -1   8    5.57    0.57   1  0.6999
  -1   1   8    9.19    0.96   1  0.6995
   1  -1   8   11.14    0.45   1  0.6996
   1   1   8    9.04    0.65   1  0.6992
  -1   0   5   53.24    1.11   1  1.1100
   0  -1   5   67.63    1.82   1  1.1100
   0   1   5   64.90    0.97   1  1.1090
   1   0   5   56.40    1.14   1  1.1100
  -1   0   6    8.07    0.58   1  0.9362
   0  -1   6    8.15    0.55   1  0.9363
   0   1   6    6.86    0.59   1  0.9355
   1   0   6    7.53    0.72   1  0.9357
  -1   0   7   19.43    0.72   1  0.8082
   0  -1   7   19.93    0.97   1  0.8083
   0   1   7   19.54    0.98   1  0.8077
   0  -4   7    2.06    0.28   1  0.6224
   1  -1   7    6.11    0.49   1  0.7923
   1   1   7    4.84    0.94   1  0.7917
Appendix

148
Appendix E. An example of refinement instruction .ins file
TITL
CELL  .71073   2.88574  2.88574  2.88574  90.0 90.0 90.0
ZERR  48        .00060   .00060   .00060    .0   .0   .0
LATT  1
SYMM +Y,+Z,+X
SYMM +Z,+X,+Y
SYMM +X,+Y,-Z
SYMM +Y,+Z,-X
SYMM +Z,+X,-Y
SYMM +Y,-Z,-X
SYMM +Z,-X,-Y
SYMM -Z,+X,-Y
SYMM -X,+Y,-Z
SYMM -Y,+Z,-X
SYMM +X,-Y,-Z
SYMM +Y,+X,+Z
SYMM +Z,+Y,+X
SYMM +X,+Z,+Y
SYMM +Y,+X,-Z
SYMM +Z,+Y,-X
SYMM +X,+Z,-Y
SYMM -Z,+Y,-X
SYMM -X,+Z,-Y
SYMM +X,-Z,-Y
SYMM +Y,-X,-Z
SYMM +Z,-Y,-X
SYMM -Y,+X,-Z
SFAC  NI       AL    
UNIT  1.011    0.988    
ACTA
L.S.  3
LIST  4
WGHT       0.10640   0.04130
FVAR       0.98690   0.00629
NI1    1  10.00000  10.00000  10.00000 10.020833 21.00
NI2    1  10.50000  10.50000  10.50000 10.000229 21.00
AL     2  10.50000  10.50000  10.50000 10.020583  0.00568
LAUE  AL
  0.198  -0.003   0.003
  0.212  -0.002   0.004
  0.227  -0.001   0.004
  0.242   0.000   0.005
  0.259   0.002   0.006
  0.277   0.004   0.007
  0.296   0.006   0.008
  0.316   0.008   0.009
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  0.338   0.010   0.011
  0.361   0.013   0.012
  0.386   0.016   0.014
  0.413   0.020   0.016
  0.442   0.023   0.019
  0.472   0.027   0.022
  0.505   0.032   0.025
  0.539   0.037   0.029
  0.577   0.042   0.033
  0.616   0.048   0.038
  0.659   0.055   0.043
  0.704   0.063   0.050
  0.753   0.071   0.057
  0.805   0.080   0.065
  0.861   0.090   0.075
  0.920   0.100   0.086
  0.983   0.112   0.099
  1.051   0.124   0.113
  1.124   0.138   0.130
  1.201   0.152   0.149
  1.284   0.167   0.171
  1.373   0.182   0.196
  1.468   0.198   0.223
  1.569   0.215   0.254
  1.677   0.233   0.289
  1.793   0.251   0.328
  1.917   0.269   0.371
  2.049   0.288   0.419
  0       0       0    
LAUE  NI
  0.198   0.040   0.096
  0.212   0.052   0.109
  0.227   0.066   0.125
  0.242   0.080   0.143
  0.259   0.096   0.163
  0.277   0.112   0.186
  0.296   0.130   0.213
  0.316   0.148   0.243
  0.338   0.167   0.278
  0.361   0.187   0.317
  0.386   0.207   0.360
  0.413   0.228   0.409
  0.442   0.248   0.465
  0.472   0.267   0.527
  0.505   0.285   0.596
  0.539   0.303   0.673
  0.577   0.319   0.760
  0.616   0.331   0.858
  0.659   0.338   0.969
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  0.704   0.338   1.094
  0.753   0.287   1.234
  0.805   0.262   1.383
  0.861   0.223   1.550
  0.920   0.164   1.738
  0.983   0.077   1.948
  1.051  -0.050   2.184
  1.124  -0.236   2.448
  1.201  -0.516   2.749
  1.284  -0.959   3.071
  1.373  -1.702   3.402
  1.459  -3.363   3.768
  1.468  -3.794   3.813
  1.480  -4.958   3.878
  1.489  -6.723   0.475
  1.495  -4.995   0.478
  1.518  -3.562   0.491
  1.569  -2.643   0.519
  1.677  -1.936   0.581
  1.793  -1.579   0.652
  1.917  -1.339   0.733
  2.049  -1.156   0.823
  0       0       0
HKLF  2
END  
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